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In Situ Transmission 
Electron Microscopy 

Frances M. Ross 


1 A Working Definition of in situ Transmission 
Electron Microscopy 

Since the earliest days of transmission electron microscopy, microsco- 
pists have realized the potential of microscopy for studying dynamic 
processes. Images recorded sequentially can be used to track the 
changes caused by deliberate actions, such as heating or straining, or 
uncontrolled processes, such as beam damage. The class of experi¬ 
ments where a specimen is changed or acted on while it remains under 
observation (i.e., in situ in the polepiece) is referred to as in situ micros¬ 
copy. In a sense every TEM observation is an in situ experiment, since 
every specimen is affected by the electron beam to some extent. But 
the in situ experimenter aims to modify the specimen in a deliberate 
way and learn something from the results. 

In the best in situ experiments, a controlled change is made to a 
specimen's environment, and this is correlated with the resulting 
change in its structure, measured using any of the imaging, analytical, 
or diffraction techniques available, or its electronic or mechanical prop¬ 
erties, which can also be measured in situ. Preferably both the "input," 
in other words the change in sample environment, and the "output," 
or consequent change in structure or properties, are recorded simulta¬ 
neously and quantitatively. Given sufficient care with artifacts, a quan¬ 
titative understanding of a fundamental physical process can be 
obtained. 

There are numerous advantages to performing experiments in situ. 
A single in situ experiment gives a continuous view of a process, so 
may take the place of multiple post-mortem measurements. A single 
heating experiment, for example, can provide information that would 
otherwise have to be extracted by examination of many samples which 
had been annealed to different temperatures or for different times. 
Because an in situ experiment is continuously recorded, it is easier to 
catch a transient phase or observe a nucleation event. In situ experi¬ 
ments can yield specific and detailed kinetic information, measuring 
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for example the motion of individual dislocations under known stress, 
or the growth rates of individual nanocrystals. Properties can be deter¬ 
mined for well-characterized nanostructures, such as the conductivity 
of single nanotubes or the melting point of precipitates. Finally, growth 
experiments in particular provide a window into the behavior of mate¬ 
rials under real processing conditions, since significant changes can 
occur if we remove a material from the growth chamber and perform 
analysis post-mortem. 

Although in situ experiments provide unique information, it is at a 
cost of increased experimental complexity. Careful design of the speci¬ 
men is necessary to minimize thin foil effects. Tests must be carried 
out to understand beam effects, and calibration of the applied stimulus 
is critical. 

Given the complexity of some in situ experiments, what is remarkable 
and inspirational is the variety of materials and properties that have 
been studied in situ. In the vast majority of experiments, the "input" 
to the specimen ranges from simple beam heating to controlled sample 
heating, cooling, or straining; application of a voltage or a magnetic 
field; or even modification with a scanning probe tip. A specially 
designed sample holder may be used which could include a heater, 
electrical contacts, a tip, or a mechanical straining stage. Such experi¬ 
ments can be carried out in most microscopes, apart from those with 
the tiniest polepiece gaps, although a side entry design is most conve¬ 
nient for experiments involving feedthroughs. A second, less common 
class of experiments is based on changing the sample's environment 
by, for example, exposing it to a reactive gas or depositing another 
material onto it. For such studies, two experimental strategies are pos¬ 
sible. Firstly, one can use a conventional microscope, but achieve envi¬ 
ronmental control in a modified sample holder in which the sample 
and reactive environment are enclosed in a region between two elec¬ 
tron-transparent membranes. Alternatively, the microscope itself may 
be modified, for example by adding gas feedthroughs to the specimen 
area. The sample can then be exposed to the desired environment in a 
standard holder. For certain experiments involving reactive surfaces, a 
clean environment is important and the entire microscope must then 
be designed for ultra high vacuum (UHV). A UHV specimen region 
allows clean surfaces to be prepared (for example by heating) and then 
modified controllably in the polepiece. True UHV systems are rela¬ 
tively rare as they represent a large investment. They often include side 
chambers attached to the microscope in which other preparation or 
deposition treatments can be carried out ex situ. 

In terms of collecting the "output" data, some in situ experiments 
require atomic resolution, while others use lower resolution strain or 
defect imaging, diffraction analysis, and occasionally elemental 
mapping. Data may be collected onto videotape or hard drive or as a 
series of still images, and in some cases high speed image acquisition 
may be necessary. Commonly, other measurements, such as sample 
temperature, gas pressure, electrical conductivity or applied force, are 
collected simultaneously and may be written onto the video tape or 
stored electronically with the images. 
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The following sections will describe some of the accomplishments of 
in situ microscopy in improving our understanding of the bulk proper¬ 
ties and surface physics of materials. In situ microscopy has a rich 
history, but here we will focus on more recent experiments, mainly 
within the last decade, with the hope that this emphasis will capture 
the ongoing excitement of this quickly developing field. Along the way 
we will discuss experimental requirements for in situ experiments and 
the recognition and elimination of artifacts. We hope to show how 
widely in situ microscopy has enhanced our understanding of phenom¬ 
ena associated with phase transformations, crystal growth, electrical 
and mechanical properties, magnetism and ferroelectricity, implanta¬ 
tion and beam effects, and even processes which take place in the liquid 
phase. Improvements such as the larger polepiece gap made possible 
by aberration correction, more sophisticated data analysis techniques, 
and enhanced abilities to fabricate specimens of controlled geometry, 
promise to extend the possibilities of in situ techniques even further. 


2 Phase Transformations 

The largest body of work accomplished using in situ TEM techniques 
has been in the area of phase transformations: melting, crystallization, 
transformations between crystal structures, and the formation of new 
phases by solid state diffusion. An understanding of such transforma¬ 
tions is scientifically interesting and technologically essential in, for 
example, the processing of alloys or the development of new materials 
having extreme hardness or superplastic, magnetic or shape memory 
properties. In situ TEM has provided detailed information on the mech¬ 
anism, kinetics, and structures produced during many phase trans¬ 
formations, both in the bulk and in nanoscale volumes. Microscopy is 
well suited for such studies because its high resolution allows atomic 
motions to be visualized, and diffraction can identify the phases 
present under changing conditions. Small precipitates or nuclei can be 
characterized and their evolution followed, and complex or incom¬ 
mensurate structures can be analyzed. 

The requirements for these studies are usually simple, consisting of 
time-resolved imaging and a heating stage, although some experi¬ 
ments involve cooling, straining, or deposition. Images are commonly 
recorded at video rate (30 images per second) and the temperature can 
often be chosen to give a convenient reaction velocity. Heat is applied 
using the electron beam, or, more controllably, by heating a furnace or 
a resistive wire close to the sample. Alternatively, a heating current 
may be passed through the sample or the sample may be stuck onto a 
resistively heated wire. For qualitative results, such as determining 
reaction mechanisms, structural changes are observed during heating 
and cooling. For quantitative measurements the sample temperature 
must be measured accurately. This is a challenge since the temperature 
measured at the furnace by a thermocouple, say, may not be the same 
as the temperature at the region under observation. However, with 
some effort, careful calibrations have been achieved. 
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We first discuss transformations in bulk materials, then examine 
transformations in small volumes of material. These small volumes 
may be free-standing nanostructures or nanoparticles encapsulated in 
a matrix. A recurring theme will be the finding that small volumes do 
not transform under the same conditions as larger volumes, which is 
extremely important for the development of complex materials. 

2.1 Crystallization, Melting and Grain Growth in Bulk Materials 

2.1.1 Amorphization and Crystallization 

The crystallization of amorphous materials is an interesting and impor¬ 
tant process which is uniquely suited to TEM analysis. Early, elegantly 
simple experiments involved the recrystallization of silicon, deposited 
as an amorphous thin film and then heated in cross section in a high 
resolution TEM. These experiments (Parker et al., 1986; Sinclair et al., 
1987) showed the power of high resolution imaging at high tempera¬ 
ture. The nucleation of crystallites was visualized, allowing estimation 
of the critical nucleus size, and the irregular progress of the reaction 
front was demonstrated, even though macroscopically the kinetics 
were consistent with a more continuous ledge mechanism. This pio¬ 
neering work provided an atomic scale view of a bulk phase transfor¬ 
mation, showing the start-stop motion we now expect for atomic scale 
processes. Using multilayer specimens to extend this approach to 
metal-mediated crystallization of Si, Ge, or C clearly demonstrated the 
mechanism for these reactions as well (Figure 6-1, Konno and Sinclair, 
1992, 1995a, b, c; Sinclair et al., 2002). Si crystallization has now been 
so well studied, both in situ and ex situ, that it has actually been used 
as a calibration tool to measure the temperature in thin specimens 
(Hull and Bean, 1994; Stach et al., 1998a). An accurately calibrated 
temperature is essential in obtaining quantitative information, such as 
activation energy, for reactions carried out in situ. More recent crystal¬ 
lization studies have used plan view rather than cross sectional geom¬ 
etry, allowing many individual grains to be imaged. For example, the 
nucleation and growth rates of individual NiTi crystals during heating 
were found to be in agreement with the Johnson-Mehl-Avrami- 
Kolmogorov model (Lee et al., 2005), allowing grain size distributions 
to be predicted in this shape-memory alloy. 

An interesting industrial application of this type of experiment, rel¬ 
evant to new types of information storage, is shown in Figure 6-2. 
Phase change materials such as GeSb and GeSbTe can store bits of 
information as amorphous areas embedded in crystalline regions. A 
high laser power is used to write amorphous spots, a medium power 
erases by recrystallizing, and a low power (or other measurement) 
reads the bits. In situ observations of crystallization have been made in 
films deposited on SiN membranes (Kooi et al., 2004; Kooi and De 
Hosson, 2004), free-standing films (Petford-Long et al., 1995) and actual 
compact disc materials (Kaiser et al., 2004). Beam heating shows nucle¬ 
ation and growth kinetics (Figure 6-2B), while more controlled experi¬ 
ments using a heating stage measure activation energies (Figure 6-2A). 
SbO x , another potential phase change material, has been examined in 
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Figure 6-1. Metal-induced crystallization. In situ high-resolution images recorded during the Ag- 
mediated crystallization of Ge at 250°C. The time between frames is 8 s. The Ag is the faulted region 
in the center and the crystalline Ge is in the upper left. The Ag crystal appears to migrate toward the 
amorphous Ge region but the faults remain fixed (one fault is indicated by a line). The inference is 
that Ge is supplied by diffusion through the Ag lattice, and the net motion of the Ag is caused by 
counterdiffusion of Ag atoms. The lack of any amorphous entectic is dearly demonstrated. (From 
Konno and Sinclair, 1995a, with kind permission of Taylor and Francis Ltd.) 


situ for different stoichiometries x, again determining activation energy 
(Missana et al., 1999). Although stress effects may change the kinetics 
in electron transparent foils, these experiments are useful in allowing 
transformation parameters to be measured and structural changes 
examined. 

The reverse process of solid state amorphization is hard to measure 
using other experimental techniques. In situ heating of systems such 
as Ti-Si, Zr-Si, Pt-GaAs (Sinclair, 1994), and Al-Pt (Blanpain et al., 1990) 
allow nucleation locations to be determined and diffusion processes to 
be characterized. Amorphization can also be induced by the electron 
beam, as will be discussed in Section 8. 
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Figure 6-2. The amorphous to crystalline transformation in phase change materials. (A) Bright-field 
images recorded during crystallization of a 40-nm Sb 36 Te film at 85°C. The film was deposited on an 
SiN membrane. Note that the growing crystal was prenucleated by heating for 5 min at 95°C. (Repinted 
with permission from Kooi and de Hosson, © 2004. American Institute of Physics) (B) Bright-field 
images displaying stepwise electron irradiation-induced crystallization of an amorphous data mark 
in 14-nm-thick Gai 5 Sb 85 after irradiation for the times indicated at a current density of 1.5nAmm -2 . 
The specimen was made from a conventional CD-RW/DVD1RW disk consisting of a ZnS:Si0 2 /GaSb/ 
ZnS:Si0 2 /SiN/Ag/SiN layered stack on a polycarbonate substrate, with all layers removed except for 
the GaSb and surrounding dielectric layers. The phase-change layer was crystallized using a broad 
laser beam then amorphous data marks were "written" using a home-built recorder. (Reprinted with 
permission from Kaiser et al., © 2004. American Institute of Physics) 


2.1.2 The Solid-to-Liquid Transformation and the Structure of the 
Solid-Liquid Interface 

Melting and freezing can be observed in situ by diffraction or imaging. 
Perhaps the ultimate example is the "nanothermometer" shown in 
Figure 6-3, fabricated by enclosing Ga in a large diameter carbon 
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nanotube (Gao and Bando, 2002; Z. Liu et al., 2004). This structure was 
used to measure the expansion coefficient of liquid Ga and observe 
different structures on freezing. Several other transformations involv¬ 
ing liquids have also been studied in situ. It may at first appear surpris¬ 
ing that liquids can be examined at all. However, liquids with low 
vapor pressure, such as Ga, In, Si, or Al, may be treated in the same 
way as solids, provided they do not move around too much, while 
liquids with high vapor pressure can be observed if they are naturally 
encapsulated, for example as inclusions, or are cooled. High vapor 
pressure liquids which are not in the form of inclusions require special 
techniques which will be described in Section 7. Liquids which are not 
encapsulated and are too mobile may be studied by coating the thin 
foil with a polymer to maintain shape (Kato et al., 2000; Senda et al., 
2004). Such studies show that melting points in thin films differ from 
bulk (Senda et al., 2004). 

TEM studies have provided information about the structure of the 
solid-liquid interface and the transformation between solid and liquid. 
In spite of extensive theoretical work on solid-liquid interface structure 
and the transient ordering in liquids just before solidification, such 
phenomena have proven difficult to study experimentally using other 
techniques. Even with TEM, relatively few systems have been exam¬ 
ined. The nature of the solid to liquid transition in Xe films has been 
determined using diffraction in an environmental cooling cell (Zerrouk 
et al., 1994). Imaging studies have shown the persistence of order into 
liquids, for example at the (211) interface in PdSi (Howe, 1996) and at 
the interfaces of liquid Xe inclusions in Al (Donnelly et al., 2002). A 
combination of energy filtered imaging and diffraction contrast has 
been used to examine the interface between Al-Si eutectic and solid 
Al-Si alloy, to determine that the interface is quite abrupt and that 
changes in crystallinity correlate with composition (Storaska et al., 
2004). Finally, the Si crystal-liquid interface has been imaged at high 



Figure 6-3. The Ga thermometer. Ga contraction and expansion inside a carbon nanotube upon 
cooling and heating. The background feature is part of the carbon support film. Scale bar = 100 nm. 
(a) At room temperature, 21°C. (b) At -40°C. (c) At -80°C, when solidification occurred, (d) The crys¬ 
tallized Ga was melted at -20°C. (e) Reheated to room temperature, 21°C. (Reprinted with permission 
from Z. Liu et al., © 2004 by the American Physical Society) 
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Figure 6-4. Grain boundary dynamics. (A) High-resolution electron microscopy images of a [110] 
0 = 14° tilt grain boundary in Au at 893K. Individual frames are shown from a video sequence recorded 
near optimum defocus, (a) GB at t = 15.37 s. (b) GB has moved to the right at t = 44.93 s and is near the 
(6, -6, 1) symmetric orientation, (c) Detail of (a) depicted at various times in the four panels. A small 
region composed of eight atomic columns switches orientation between the two grains. Note the 
stacking disorder and misfit localization at the dislocation cores. Reprinted with permission from 
Merkle et al., © 2002b by the American Physical Society. (B) High-resolution image of the Cu X = 3 
interface imaged along [01-1]. The grain boundary is dissociated into a narrow slab of 9R stacked 
material (fee stacking but with an intrinsic stacking fault inserted every three planes). The two images 
were recorded 5 min apart after 400 kV electron beam irradiation and the 9R stacked region has 
expanded due to changes in the internal stress state induced by the beam. Stacking defects in the 9R 
structure can be related to the presence of secondary grain boundary dislocations at the interface. 
(From Medlin et al., 1998, with permission from Elsevier.) 
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temperature (Nishizawa et al., 2002) to determine the planarity of dif¬ 
ferent index interfaces. 

As well as static configurations at the solid-liquid interface, interface 
dynamics during solidification have been examined in several bulk 
materials. Arai et al. (2000, 2003) observed Si growth in the Al-Si 
system, while Sasaki and Saka (1996), Kamino et al. (1997a) and Saka 
et al. (1999) imaged surface melting in Al and A1 2 0 3 , observing ledge 
motion during solidification. Other studies have involved nanoparti¬ 
cles and inclusions and will be discussed below. 

2.1.3 Grain Growth and Grain Boundary Motion 
Grain boundaries in polycrystalline materials can move on annealing 
or mechanical deformation. Just as we have seen for crystallization 
studies, in situ observation of grain boundary dynamics can supply 
information on the growth mechanism, and even measure the effects 
of impurities and gas atmosphere. Grain boundary motion during 
heating has been observed for metals such as Cu, Au, and Al (Keller 
et al., 1997; Dannenberg et al., 2000; Kaouache et al., 2003). For nano¬ 
crystalline Ag thin films, the measurement of kinetic parameters dem¬ 
onstrated that grain growth is dominated by surface diffusion mass 
transport (Dannenberg et al., 2000). Grain boundary motion during 
mechanical stressing will be discussed in Sections 5.1 and 5.3. 

More complex grain boundary dynamics can also be studied. An 
interesting example is the penetration of liquid Ga along grain bound¬ 
aries in Al, relevant to the important embrittlement process (Hugo and 
Hoagland, 1998, 1999). The structure and strain field during penetra¬ 
tion, the kinetics in different grain orientations, and the effects of dis¬ 
locations were observed. 

While dark field imaging works well for grain boundary dynamics 
in polycrystalline films or at low symmetry boundaries, high resolu¬ 
tion heating experiments are very useful for understanding high sym¬ 
metry boundaries. High resolution experiments on bicrystals having 
engineered boundaries with high symmetry, particularly in Au and 
Cu (Medlin et al., 1998; Merkle and Thompson, 2001; Merkle et al., 
2002a, b), enable very detailed measurements at the atomic level and 
the determination of grain boundary migration mechanisms. In situ 
experiments show that collective mechanisms operate during migra¬ 
tion, and that unusual structures may form and grow at boundaries 
(Figure 6-5). Dislocations may also be emitted, and the details of their 
structure and relationship with the boundaries can be measured 
(Lucadamo and Medlin, 2002). 

2.2 Structural Phase Transitions 

As well as the phenomena of melting, solidification and grain bound¬ 
ary motion, in situ techniques have been applied to understand trans¬ 
formations between different crystal structures and solid state reactions 
involving diffusion. These experiments have mostly relied on in situ 
sample heating, although transformations have also been initiated by 
straining, electron beam heating, electric and magnetic fields, and a 
gas environment. High resolution imaging and analysis, diffraction, or 
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Figure 6-5. Phase stability in NiAl. When a martensitic Ni-rich Ni x Ali_ x 
sample, with x > 63at.%, is annealed at moderate temperatures (550°C) it trans¬ 
forms into Ni 5 Al 3 . On further heating to 780°C, the Ni 5 Al 3 phase itself decom¬ 
poses, forming B2 grains in a twinned Ll 2 matrix. This image is part of a 
sequence obtained during heating that shows a smaller B2 grain growing by 
forming a small extension (marked as X) into the Ll 2 matrix, consuming some 
twins, then rapidly expanding laterally. The Ni 5 Al 3 phase is undesirable as it 
degrades the shape memory properties by inhibiting the transformation back 
to austenite, and its formation and stability are therefore important. (From 
Schryvers and Ma, 1995 with permission from Elsevier.) 


low resolution weak beam or bright field imaging provide information 
that is complementary to that obtained from other in situ techniques, 
such as x-ray diffraction, which average over larger volumes. 

Subtle changes in symmetry can be detected using the sensitive 
combination of diffraction and high resolution imaging. These com¬ 
bined techniques show the transformations between orthogonal, 
tetragonal, and cubic phases in oxides such as SrRu0 3 (Jiang and Pan, 
2000). They also work well for transformations involving charge order¬ 
ing and incommensurate phases, which will be discussed in Sections 
4.1 and 4.3. Ordering can be investigated directly in the STEM, using 
its capabilities for elemental analysis of individual atomic columns. For 
example, Klie and Browning (2001) heated LaSrFe0 3 in the STEM, 
using the column environment, which is low in oxygen, to reduce the 
material. EELS showed that the resulting change in symmetry was due 
to ordering of oxygen vacancies. 

When planning to study these sorts of phase transformations, it is 
important to consider the same experimental artifacts that we have 
already mentioned for melting and solidification. The results described 
below illustrate both the advantages and some pitfalls of in situ TEM. 

We first consider transformations in intermetallic alloys such as 
shape memory alloys, which provide an excellent opportunity for in 
situ microscopy to display its strength. For example, for TiNi, the ori¬ 
entation relation between the different phases can be determined, and 
the dynamics of the emergence of martensite plates during straining 
can be observed in situ (Gao et al., 1996; Ma and Komvopoulos, 2005). 
In situ heating of NiAl alloys (Schryvers and Ma, 1995, Schryvers et al., 
1998) showed how the texture and defect structure in the high tern- 
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perature phase are derived from the lower temperature phase, and 
illustrated the processes occurring during phase decomposition with 
low resolution imaging and diffraction (Figure 6-5). Higher resolution 
imaging showed details of the formation of the gamma phase in TiAl 
which would have been difficult to ascertain otherwise, for example, 
the ledge motion of interfaces (Howe et al., 2004). Other materials 
examined include the shape memory alloys CuAIMn (Dutkiewicz et 
al., 1995), TiNiHf (Han et al., 1997), and FeMnSi (Jiang et al., 1997). 
Crystallographic relationships, the interaction of dislocations with the 
transformation front, and the morphology of phases produced on 
heating or straining were studied. The presence and significance of 
incommensurate reflections in related materials have been examined 
using imaging plates and an in-column filter (Tamiya et al., 1998; Cai 
et al., 1999; Murakami and Shindo, 2001; Ii et al., 2003). Cooling stages 
allow an even larger range of transformations to be accessed (Tanner 
et al., 1990). 

However, thin foil effects are important in these transformations. 
Kuninori et al. (1996) showed that the foil thickness influences trans¬ 
formation temperatures—indeed, transformations do not occur at all 
at some thicknesses—and Ma and Komvopoulos (2005) showed that 
thickness can affect the sequence of phases. Electron irradiation effects 
are also important, for example in inducing some transformations in 
NiMnTi (Schryvers et al., 1996), and in changing the formation kinetics 
of the omega phase in beta phase Ti-Mo alloys on cooling (Matsumoto 
et al., 1999), a transformation which is important in understanding the 
anomalous electrical conductivity of these alloys. 

Both beam and thin foil effects, of course, must be considered in any 
in situ transformation. Beam effects should always be evaluated by 
examining unirradiated areas after the transformation. Thin foil effects 
can be minimized in some cases by depositing the material of interest 
onto an electron transparent membrane. This reduces buckling and 
provides a more uniform temperature than a conventional specimen 
of varying thickness, advantageous for quantitative studies. An 
example is the transformation between beta and alpha phases of tung¬ 
sten, for which the change in stress state is important in lithographic 
mask applications. Deposition of a uniform W film on a silicon nitride 
membrane (Ross et al., 1994a) allowed the transformation dynamics to 
be measured and the presence of voids to be related to the initial grain 
structure. Membrane specimens have been used successfully for many 
types of material, for example, by Morkved et al. (1998), Dannenberg 
et al. (2000), Kooi and de Hosson (2004), Grant et al. (2004), and Lee 
et al. (2005). 

2.2.1 A Solid-State Diffusion Reaction: Silicide Formation 
Reactions which occur at a planar interface between two materials 
have provided fruitful subjects for in situ experiments. In situ observa¬ 
tions may allow determination of the diffusing species, the nature of 
nucleation sites, the sequence of phases, and the relationship between 
the crystal structures of the initial and final phases. However, the 
complexity of these reactions, compared to the crystallization and 
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melting reactions described previously, means that we have to be par¬ 
ticularly careful to avoid artifacts. For example, if the sample dimen¬ 
sions are comparable to or less than the diffusion lengths of the moving 
species, then surface diffusion may affect the kinetics. Surface nucle- 
ation sites may be significant, and beam effects and stress relaxation 
in thin regions of the foil must be recognized. In spite of these issues, 
a successful body of work has been carried out on these transforma¬ 
tions. We illustrate this by discussing silicide formation, a popular "test 
system" of great relevance to the microelectronics industry that has 
been examined using a range of in situ TEM techniques. 

In situ silicidation was initially studied in cross section by heating a 
metal film such as Ti, Zr, or Cr that had previously been deposited on 
Si (H. Tanaka et al., 1995,1996,1998; Sidorov et al., 1998a; Figure 6-6A). 
Plan view experiments later provided the opportunity to examine sili¬ 
cidation on patterned substrates to study, for example, nucleation- 
limited transformations in small areas (Teodorescu et al., 2001; Ghica 
et al., 2001; Gignac et al., 1997; Figure 6-6B). These in situ experiments 
were very helpful in showing the sequence of phases, some of which 
are short-lived or hard to see otherwise; as mentioned previously, a 
single in situ experiment can replace a whole series of ex situ prepara¬ 
tions (Wang and Chen, 1992). It is interesting to consider the sample 
geometry, however, as it illustrates some limitations of the in situ 
studies. In a cross sectional experiment, quantitative results are only 
obtained if surface diffusion pathways are suppressed (perhaps by 
coating the sample) and nucleation sites on the milled surface are 
minimized. It can only be assumed that the in situ experiment is an 
accurate representation of the bulk situation if both the activation 
energy of the reaction, and the final structure produced, are com¬ 
parable with bulk experiments (Sinclair et al., 1988). In plan view, 
surface effects are not as significant, but thin film buckling must be 
considered. 

Specialized in situ deposition techniques offer an interesting alterna¬ 
tive way of looking at silicide formation. Rather than depositing a 
metal on the Si (or Ge) substrate ex situ, the substrate can be cleaned 
in situ in a UHV TEM and the metal then deposited in situ. The metal 
may be deposited onto a cool substrate which is then heated (Gibson 
et al., 1987; Ross, 2000) or it may be deposited at high temperature, 
where silicide phases form at once as islands (Ross et al., 1999a; H.P. 
Sun et al., 2005; Nath et al., 2005). To study the structure of such 3D 
islands in more detail, a combined UHV system allowing sequential 
TEM and STM imaging has been used to determine surface reconstruc¬ 
tion as well as the sequence of phases (Tanaka et al., 2004). In situ 
deposition has also been used to study more complex silicide reactions, 
such as oxide and nitride mediated epitaxy (Kleinschmit et al., 1999; 
Chong et al., 2003). The experimental complexities of carrying out 
deposition in situ will be discussed in more detail in Section 3. But the 
advantages are clear in terms of avoiding contamination or oxidation 
(or evaluating their effects; see Figure 6-6C), discovering changes in 
the phase sequence as a function of film thickness, and looking at 
kinetic effects during deposition, such as coarsening. 
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Figure 6-6. Silicide phase transforma¬ 
tions. (A) Sequence of cross-sectional 
images recorded during heating of a 
50 nm CoSi 2 film on Si (001), showing 
interface roughening and pinhole for¬ 
mation. (From Sidorov et al., 1998a.) (B) 

Silicide formation in a patterned area 
defined by an oxide window. After 
deposition of 12 nm Ni over an 800 nm- 
wide line (a), the successive plan view 
images show the formation of Ni sili- 
cides at different temperatures: (b) for¬ 
mation of NiSi 2 (flower-like contrast); 

(c) NiSi 2 pyramids are well formed; (d) 

After 10 minutes at 400°C some NiSi 
has formed in the center of the line 
but NiSi 2 remains along the edges. 

(Reprinted with permission from 
Teodorescu et al., © 2001. American C 
Institute of Physics.) (C) The C49-C54 

phase transformation in TiSi 2 which had been deposited and annealed in situ (left hand column), 
compared to ex situ deposited TiSi 2 , where Auger spectroscopy showed the presence of oxygen (right 
hand column). Times are shown in seconds and the arrow marks a fixed point on the specimen. The 
phase transition occurs smoothly in the clean film while it is strongly pinned at grain boundaries in 
oxidized films. (Reprinted with permission from Ross, ©2000 AAAS.) 
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2.3 Phase Transformations in Nanostructured Materials 

So far we have discussed phase transformations in bulk materials or 
thin films, where in situ microscopy allows us to see changes in struc¬ 
ture, how phases nucleate, and how growth fronts propagate. But TEM 
is particularly good at imaging nanostructures; in other words, resolv¬ 
ing the shape, structure, and composition of small regions of a speci¬ 
men. Thus, the techniques applied to study transformations in bulk 
materials can naturally be extended to transformations in small 
volumes, either embedded in a matrix or free standing. The stability 
of phases and the mechanisms of transformations in small volumes 
have been determined for several cases, confirming the important 
general conclusion that small particles show different phase diagrams 
compared to larger volumes of the same material. This is especially 
important given the many applications of nanostructured materials, 
for example, in high strength metal alloys, and individual, free¬ 
standing nanoparticles, for example, as catalysts or components in 
advanced electronic devices. 

2.3.1 Size-Dependent Transformations in 
Embedded Nanostructures 

By focusing on an individual inclusion or precipitate, in situ micros¬ 
copy provides precise information about phase transformations and 
stability in nanoscale volumes. Excellent quantitative work in several 
systems shows the potential of the technique for future studies on a 
wider range of materials. 

Pb in A1 is a model system, since the lack of solubility of Pb in A1 
means that Pb spontaneously forms small cuboctahedral inclusions 
with a cube-on-cube orientation relation. Heating experiments allow 
strain, melting, and diffusion phenomena to be studied. A fascinating 
range of size-dependent properties has been seen (Figure 6-7). Melting 
of the Pb particles is size-dependent with huge supercooling possible, 
and there is a hysteresis on solidification due to the difficulty of nucle¬ 
ating ledges (Gabrisch et al., 2000). The decay of strain during solidifi¬ 
cation and melting provides information on the diffusion of point 
defects (Zhang et al., 2004). In particles at grain boundaries, which 
have complex structures, the melting of each interface at a different 
temperature can be seen (Bhattacharya et al., 1999; Dahmen et al., 
2004). Co-implantation of different materials into Al, such as Cd/Pb, 
Sn/Pb, or Tl/Pb, allows phenomena associated with phase separation, 
melting, and interface structure to be examined (Johnson et al., 2002) 
and binary phase diagrams determined as a function of size. 

Phase transformations involving precipitate growth have provided 
equally interesting information. In cases where precipitates are pinned 
on dislocations, diffusion parameters can be measured from their coars¬ 
ening (Legros et al., 2005) or motion (Johnson et al., 2004). The kinetics 
of ledge motion and kink nucleation on precipitates can be observed 
during high resolution heating experiments (Howe, 1998). For example, 
for precipitate plates in Al-Cu-Mg-Ag alloys, imaging parallel and per¬ 
pendicular to the interface demonstrated that precipitates grow by the 
terrace-ledge-kink mechanism (Benson and Howe, 1997) and even 
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Figure 6-7. Nanoparticle melting phenomena. (A) Size-dependent melting of Pb inclusions in Al. The 
sample was produced by rapid solidification of an Al-0.5% Pb alloy and the image shows an array of 
particles at 423°C, which is 96°C above the bulk melting point. The rounding of most particles indicates 
their liquid state, while the smallest particles (arrow) are still faceted and solid. By measuring the 
dependence of inclusion shape on temperature and considering the inclusion shape change kinetics, 
the step energy as a function of temperature for steps on the inclusion surface can be calculated (lower 
graph). The least-squares fit indicates a roughening transition at about 600°C. (From Gabrisch et al., 
2001 with permission from Elsevier.) (B) Reversible melting of 25-nm Pb inclusion at a grain boundary 
in Al (a-h). This particle has two different interfaces with two different grains and the two interfaces 
melt at different temperatures. The thin black line indicates the solid-liquid interface at different 
temperatures. (From Dahmen et al., 2004 with kind permission of Taylor and Francis Ltd.) 
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allowed the rate limiting steps and thermodynamic parameters of kink 
nucleation to be determined (Figure 6-8). Analytical techniques provide 
complementary information on the relationship between composition 
and structure at these growing interfaces, and the development of sim¬ 
ulations for dynamic high-resolution imaging promises to make these 
studies even more quantitative (Howe et al., 1998). Other reactions, such 
as oxidation and reduction, can also be observed in precipitates (for 
example Isshiki et al., 1995; Kooi and De Hosson, 2001). 



Figure 6-8. Precipitate growth mechanism. High-resolution image of a single ledge on a 111 0 plate in 
an Al-Cu-Mg-Ag alloy during growth at about 220°C, and a graph showing the position of the ledge 
as a function of time demonstrating growth by irregular motion of ledges. The ledge height is two 111 
matrix planes high (half a unit cell). The circled area appears blurred in videos due to enhanced atomic 
motion there. (From Howe et al., © 1998 Courtesy of Cambridge University Press.) 
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2.3.2 Phase Transformations and Sintering in 
Free-Standing Nanoparticles 

Isolated nanoparticles are often used as catalysts, and this has gener¬ 
ated interest in understanding the factors determining their shape, 
phase stability, and sintering. For precipitates, we have seen properties 
quite different from the bulk material. Similar results are found for 
free-standing nanostructures when studied in situ. 

The earliest in situ studies of free-standing particles demonstrated 
the dynamic nature of the atomic arrangement (Smith et al., 1986; Iijima 
and Ichihashi, 1986), and the large fraction of atoms on or near the 
surface indeed leads to unusual behavior. TEM has shown that phase 
transformations in free-standing particles are different from those in 
bulk, for example in observations of size-dependent melting (Howe, 
1997) and changes in phase stability (Chatterjee et al., 2004). In this 
context, binary systems such as Au-Sn, Pb-Sn, Bi-Sn, and In-Sn have 
been extensively studied. For this, a two-source evaporator is used to 
form mixed composition clusters in situ (Figure 6-9). The binary phase 
diagram is found to depend strongly on size, with changes in the 
eutectic temperature (Yasuda et al., 2001; Lee et al., 2002a). Melting 
behavior, phase separation, and mixing also depend on the composi¬ 
tion and size (Yasuda et al., 2000, Lee and Mori, 2004a, b). These effects 
reflect a change in solubility or the relatively high cost of forming 
phase boundaries. 

Unusual structures may occur in certain free-standing particles on 
melting. In Al-Si, a solid Al particle inside a molten Al-Si sphere can 
form, moving with fractional Brownian motion (Yokota et al., 2004). In 
GaSb, particles decompose into a crystalline Sb core surrounded by 
liquid Ga (Yasuda et al., 2004). Stress may also play an important role 
in particle reactions. Metals encapsulated within multiwalled carbon 
onions have changed melting points due to the pressure (Banhart et 
al., 2003; Schaper et al., 2005), and the metal can even migrate through 
the graphitic covering (Schaper et al., 2005). When there is a solid oxide 
layer covering a nanoparticle, stress relief can cause cracking (Storaska 
and Howe, 2004). 

Sintering of free-standing particles is particularly important in mate¬ 
rials processing and has been examined in situ. Ceramic particles such 
as SiN can be made to sinter in a conventional microscope provided 
that a very high temperature stage is used (Kamino et al., 1995). For 
metals, of course, the surface oxide strongly influences sintering. For 
example, the degree of sintering of Fe and Nb nanoparticles on mem¬ 
branes, prepared ex situ but observed at high resolution during anneal¬ 
ing in high vacuum (Vystavel et al., 2003a, b), was found to depend on 
surface oxidation. To solve this problem, an integrated system may be 
used, where particles are created and imaged in the same high vacuum. 
Yeadon et al. (1997) connected a sputtering chamber to a UHV TEM to 
carry out successful studies of metal sintering. Sintering of Cu on Cu 
foils proceeded by neck growth and grain boundary motion, whereas 
Co particles on Cu and Ag foils "burrowed" beneath the surface 
to minimize surface energy (Zimmermann et al., 1999). Sintering of 
metal particles on oxide substrates in a controlled environment is of 
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Figure 6-9. Intermixing in small particles. Sequence of images showing the alloying of Sn into Bi at 
350K. (a) As-evaporated Bi particle; (b-e) the same particle during in situ Sn deposition. First a crystal¬ 
line-liquid interface forms [arrows in (b)] and this then propagates through the crystal until the whole 
particle becomes liquid. EDX shows a composition of 50% Sn at this point (/). Not shown is the asym¬ 
metric behavior of Sn particles during Bi deposition; these become liquid at once without forming a 
phase boundary, an abrupt crystalline to liquid transition that is not expected from the bulk phase 
diagram. (From Lee and Mori, 2004a with kind permission of Taylor and Francis Ltd.) 
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particular relevance to catalysis, and will be discussed in that context 
in Section 3.2. 

2.4 Summary 

In situ microscopy of phase transformations has touched on a wide 
range of materials and addressed important problems related to crys¬ 
tallization and melting, diffusion, structural transformations, and 
grain boundary dynamics. Bulk crystals, embedded nanostructures, 
and free-standing nanoparticles have been studied, yielding quantita¬ 
tive information on reaction mechanisms and on the relationship of 
structure to dynamics. From this survey of results, it is clear that the 
in situ techniques we have described could be applied to many cur¬ 
rently unstudied systems. However, for proper interpretation of results, 
care must be taken with thin foil effects, such as strain, surface diffu¬ 
sion and surface nucleation, and with beam effects. High voltage 
microscopes have significant advantages in minimizing thin foil arti¬ 
facts, though at the cost of increased beam damage. But even at inter¬ 
mediate voltage, careful accounting for these effects can lead to 
quantitative results relevant to materials development. 

3 Surface Reactions and Crystal Growth 

A unique application of in situ microscopy, building on some of the 
techniques we have discussed above, is the examination of surface 
reactions and crystal growth. Rather than looking at bulk transforma¬ 
tions as in Section 2, here we are more concerned with changes to the 
specimen surface. These changes may be initiated by heating or by 
exposure to a reactive environment or deposition flux. It is possible to 
study atomic scale processes on surfaces, including step dynamics and 
surface phase formation, as well as the growth of thin films and nano¬ 
structures. As we might expect from the discussion in Section 2, these 
in situ surface studies allow transient structures to be seen and kinetics 
to be measured. We will show that such experiments indeed contribute 
to an understanding of both surface reactions and growth, in some 
cases leading to improved control of surface structure or crystal size 
and shape. 

These studies usually take place in a controlled environment TEM. 
The column of a standard TEM contains a mildly reducing atmosphere 
of lO -6 to l(T 7 mbar and may also be contaminated with hydrocarbons. 
By controlling the environment, the specimen can be exposed to, for 
example, clearly oxidizing or reducing conditions, a solvent rich atmo¬ 
sphere to prevent dehydration (see Section 7), or an environment that 
allows vapor phase growth. Many such experiments can be carried 
out by leaking gases into the specimen area of a conventional TEM. 
However, some specimens require a microscope capable of UHV base 
pressure to avoid any background contamination. Such microscopes 
can be complex and expensive, but they enable experiments which can 
not be realized otherwise, especially if adjacent chambers are available 
for sample preparation. Major advances in surface science have been 
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achieved using UHV microscopy, and the equipment and the science 
have recently been reviewed by Poppa (2004). 

3.1 Measurement and Modification of Surface Structure 

Step flow and the development and stability of surface structures such 
as reconstructions may be studied by controlled heating, beam irradia¬ 
tion, or environmental stimuli such as deposition or exposure to a 
reactive environment. It may appear surprising that TEM is appropri¬ 
ate for surface studies at all, since the issues of temperature nonunifor¬ 
mity and strain relaxation associated with the preparation of thin foils 
could be avoided completely by using techniques such as LEEM and 
UHV SEM. But TEM has a wide variety of imaging and analytical 
modes sensitive to different aspects of a surface, and can be highly 
quantitative in terms of image analysis. Scanning probe microscopy 
also provides sensitive imaging of surface structures but lacks the time 
resolution necessary for surface dynamics, requiring typically 30 
seconds to acquire each frame. 

In situ TEM initially gained attention as a surface science tool with 
the successful determination of the Si (111) 7x7 reconstruction 
(Takayanagi et al., 1985), an accomplishment which STM and LEED 
had not been able to achieve at that time. A clean Si surface was pre¬ 
pared by heating in a UHV TEM and diffraction patterns were obtained 
and analyzed. Since then, many other static and dynamic surface struc¬ 
tures have been determined after in situ preparation. 

Surface structures may be prepared in the UHV microscope column 
by heating or deposition onto a thin foil (e.g., Kamino et al., 1997a; 
Oshima et al., 2000; Liu et al., 2001), or may be prepared in an adjacent 
chamber connected to the microscope by UHV (Marks et al., 1998). 
Every possible mode of the TEM has been used to analyze these 
surface structures. In plan view, diffraction techniques have solved 
reconstructions of metals on Si (Collazo-Davila et al., 1998; Oshima et 
al., 2000). Reflection electron microscopy (REM) has been used exten¬ 
sively to examine suface step dynamics due to electromigration, and 
the effect of metal adsorption on surface structure (Aoki et al., 1998; 
Minoda and Yagi, 1999; Minoda et al., 1999; Latyshev et al., 2000; 
Figure 6-10A). REM has also provided useful information on polar 
surface structures in oxides (Gajdardziska-Josifovska et al., 2002) and 
decomposition of the InP surface on heating (Gajdardziska-Josifovska 
et al., 1997). Information from REM and plan view TEM is comple¬ 
mentary to that obtained from in situ SEM (Homma and Finnie 2002). 
Profile imaging, in which a surface parallel to the beam is imaged at 
high resolution, shows directly the periodicity and corrugations asso¬ 
ciated with surface reconstructions. This was first recognized early 
on (Marks, 1983; Bovin et al., 1985; Mitome et al., 1990; Smith et al., 
1993), and has recently helped to determine complex structures like 
Si (5 5 12) (Liu et al., 2001) as well as faceting, reconstructions and 
dynamics of Au-decorated Si surfaces (Kamino et al., 1997b; Figure 
6-10B) and beam-induced changes in surface structure and stoichiom¬ 
etry (Ning et al., 1996). 
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Figure 6-10. Deposition of Au on Si observed by 
different in situ imaging modes. (A) Step bunching 
on vicinal Si (001). A series of REM images obtained 
during the deposition of Au at 800°C onto a vicinal 
(4° miscut) Si(001) surface shows first the forma¬ 
tion of (001) terraces in (a) and (b). Step bunching 
and formation of step bands are shown in (c) and 
(d); facet nucleation on the step bands in shown in 
(f) and (g). Finally there is a complete transforma¬ 
tion of the entire vicinal surface into a hill-and- 
valley structure of (001) superterraces and (119) 
and (117) facets (h). (From Minoda et al., 1999 with 
kind permission of Taylor and Francis Ltd.) (B) The 
Au-induced reconstruction of a flat Si (001) surface 
on heating. The sample was prepared by deposit¬ 
ing Au onto a rough, oxidized Si particle. The 
irregular sample geometry means that the tem¬ 
perature is not accurately known. However, on 
heating, the Au first agglomerated; further heating 
caused the oxide layer to disappear and the Au to 
spread over the surface (dark line along the sample 
edge), causing localized faceting into (001) and 
other terraces. The (001) facets then reconstruct 
over the timeframe shown, starting from the 
terrace boundary (arrows A and B). (Reprinted 
with permission from Kamino et al., © 1997 by the 
American Physical Society.) B 
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Figure 6-11. Nano¬ 
structures formed by 
surface mobility. 
Images of stable Au 
nanowires observed 
during the electron 
beam thinning of a 
specimen. The diame¬ 
ters of the wires are 
(A-D) 1.3, 1.1, 0.8, and 
0.6 nm, respectively. 
The wire images are 
wavy, especially the 
thinnest, and can be 
modeled with helical 
structures. (Reprinted 
with permission from 
Kondo and Takaya- 
nagi, © 2000, AAAS.) 


Surface diffusion under beam irradiation is evident during profile 
imaging. This has been used to advantage to study narrow wires in 
situ. Two adjacent holes are formed in a thin foil and the neck between 
them observed as it thins and breaks due to inbuilt stresses. Such 
experiments show a variety of interesting non-bulklike structures in 
Au (Figure 6-11), such as single chains (Koizumi et al., 2001) and helical 
multishell wires (Kondo and Takayanagi, 2000; Oshima et al., 2003a), 
with some of the structures related to shear (Oshima et al., 2003b). 
Beam-induced atom migration reduces the dimensions one layer at a 
time (Oshima et al., 2002). Unusual wire structures also form in Pt 
(Oshima et al., 2002). The surface diffusion of single atoms, for example 
W on MgO, can be imaged in TEM (N. Tanaka et al., 1998). 

Controlled environment and UHV TEM thus has an excellent track 
record for creating and observing surface reconstructions and observ¬ 
ing step motion and surface diffusion. We now focus on some specific 
applications where the ability to characterize and modify surfaces in 
situ has led to particularly interesting and significant advances. 

3.2 Catalysis 

Controlled environment TEM has enabled pioneering studies of the 
structural details of reactions during heterogeneous catalysis (Gai, 
2002a; Sharma, 2001,2005). High resolution imaging can be carried out 
at high temperature and under a controlled gas environment, up to 
several millibar of, say, H 2 , CO, or 0 2 . Catalyst surface structure has 
been related to reactivity, intermediate phases have been determined, 
and changes in catalyst structure have been visualized during activa¬ 
tion and poisoning. Several controlled environment TEMs are in opera- 
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tion in industrial laboratories, and we suspect that the many important 
results remain proprietary! 

Most studies have focused on catalysts consisting of metal particles 
on an oxide substrate (Figure 6-12). Gai et al. (1990) first examined 
shape changes in Cu particles in oxidizing and reducing environments, 
and observed the stability of Pt and Ru particles on Ti0 2 (Gai 1998; Gai 
et al., 2000). Hansen et al. examined the effect of Ba promoters on 
surface structures in Ru particles (2001), and used the shapes of Cu 
particles to determine relative surface energies under oxidizing and 
reducing conditions (2002; Figure 6-12B). Regeneration processes are 
important in such catalysts, and here too in situ studies have proven 
useful. For example, during regeneration of Pd/Al 2 0 3 catalyst, sinter¬ 
ing also takes place. The sintering behavior of "used" Pd particles, 
studied using analytical TEM as well as controlled environment 
heating, is affected by hydrocarbons which build up during use of the 
catalyst (R.-J. Liu et al., 2004; Figure 6-12A). 

A wide variety of other materials and reactions have also been inves¬ 
tigated under a controlled environment. Gai and Kourtakis (1995) 
observed a glide shear rearrangement in vanadium pyrophosphate 
during reduction, and developed a model for the surface activity of 
this material, which is important in butane catalysis. Sharma et al. 
(2004a) examined structural changes during reduction of Ce0 2 cata¬ 
lyst, and interestingly used in situ energy loss spectroscopy to deter¬ 
mine oxidation states as a function of temperature. Even the growth of 
polymeric reaction products in situ has been observed (Crozier et al., 
2001; Gai, 2002b). Other reactions include intercalation in some inter¬ 
esting layered structures (Diebolt et al., 1995; Sidorov et al., 1998b), the 
nitridation of zirconia (Sharma et al., 2001), and de- and rehydroxyl- 
ation of the lamellar material Mg(OH) 2 , which is important in C0 2 
sequestration (McKelvy et al., 2001). The reaction of MgO with water 
vapor has also been observed in situ (Sharma et al., 2004b; Gajdardziska- 
Josifovka et al., 2005). 

Finally, photocatalysis can be studied in situ if a UV light source is 
brought into the specimen area. High resolution in situ imaging of the 
decomposition of hydrocarbons deposited on a Ti0 2 film (Yoshida et 
al., 2005) provides information on the mechanism of the process. These 
exciting results suggest that in situ studies will continue to have an 
important impact in the future development of catalysts and other 
functional materials. 

3.3 Oxidation of Surfaces 

Corrosion of metals has significant impact on industry, so it is impor¬ 
tant to gain a fundamental understanding of oxidation and reduction 
by comparing controlled observations with theoretical predictions. For 
copper, oxidation was found to proceed via nucleation, growth, and 
coalescence of oxide islands (Figure 6-13). This result allowed the 
development of oxidation theories beyond simple models that had 
assumed a continuous oxide film (Yang et al., 1998, 2002; Zhou and 
Yang, 2002,2003). Other than Cu and its alloys (Wang and Yang, 2005), 
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Figure 6-12. In situ imaging of catalysts. (A) Fresh Pd/Al 2 0 3 catalyst (used for hydrogenation of acety¬ 
lene) (a) in the as-received condition (room temperature), and (b-d) after heating in 500 m Torr steam 
at 700°C for 1, 4, and 7 hours. Catalysts are regenerated by heating in steam to remove hydrocarbon 
buildup, but this causes sintering of the metal particles, reducing activity. In situ experiments show 
that, for fresh catalysts, sintering is by conventional Ostwald ripening, while movement and coales¬ 
cence occurs for used catalysts. (Reprinted with permission from R.-J. Liu et al., © 2004 AAAS.) (B) 
Images of a Cu/ZnO catalyst (the methanol synthesis catalyst) in various environments at 220°C, 
together with the corresponding Wulff constructions of the Cu nanocrystals, (a, b) 1.5 mbar H 2 at 220°C; 
(c, d) in a mixture of H 2 and H 2 0 with ratio 3:1 at a total pressure of 1.5mbar; (e, f) in a mixture of 
95% H 2 , 5% CO at a total pressure of 5 mbar. These images allow the relative surface energies to be 
determined as a function of environment. (From Hansen et al., © 2002. Courtesy of Cambridge Uni¬ 
versity Press.) 
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Figure 6-13. Mechanism of copper oxidation. Dark-field images obtained during oxidation of Cu at 
O.lTorr and 350°C in a UHV TEM. Imaging using the Cu 2 0 {110} reflection showed that oxidation is 
not planar, but takes place by Cu 2 0 island (a) nucleation (5 min), (b) growth (15 min), and (c) coales¬ 
cence (25min). The specimen was prepared by floating a 60-nm Cu film onto a support and then 
removing the surface oxide in situ by annealing at 350°C in methanol vapor for 15-30 min. The area 
and number density of the islands grown both at low pressure and at high pressure (shown here) 
were modeled using Johnson-Mehl-Avrami-Kolmogorov theory to give surface diffusion parameters. 
(Reprinted with permission from Yang et al., © 2002. American Institute of Physics.) 


metal oxidation remains largely unstudied, but in situ experiments 
could clearly offer the possibility of improving corrosion resistance 
through alloying or surface processing. 

Silicon oxidation is another industrially significant process, as a 
defect-free Si/Si0 2 interface is fundamental to transistor operation. For 
Si(lll) (Figure 6-14A), forbidden-reflection imaging showed that steps 
do not move during oxidation, meaning that any surface roughness 
remains during processing (Ross and Gibson, 1991; Ross et al., 1994b). 
For Si(001), the same result is seen (Figure 6-14B). Forbidden reflection 
experiments are useful in their ability to probe the buried Si/Si0 2 
interface, and are complementary to results obtained by in situ scan¬ 
ning reflection electron microscopy (Ichikawa, 1999). 

High resolution imaging provides insights into reactions in more 
complex materials. By oxidizing and reducing niobium oxides. Say- 
agues and Hutchison (1996, 2002) showed the formation of a series of 
block structures with changing stoichiometry (Figure 6-15). The com¬ 
bination of analytical techniques with imaging would undoubtedly 
lead to further useful insights into oxidation and related reactions. 

3.4 Growth of Carbon Nanostructures 

The growth of carbon nanostructures has been extensively studied in 
situ since the discovery of these interesting materials by TEM. It is rela¬ 
tively easy to form carbon structures in situ with a controlled environ¬ 
ment plus a catalyst or a graphitic precursor (Figure 6-16). Beam effects 
provide an important ingredient in the synthesis, especially if catalysts 
are not used. The beam interacts with the atmosphere above the speci¬ 
men producing a plasma that can generate fullerenes (Burden and 
Hutchison, 1998). Alternatively, irradiation of graphitic materials 
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Figure 6-14. Mechanism of silicon oxidation. (A) Series of images of an Si (111) sample observed in 
plan view during oxidation in 2 x 10 -6 Torr water vapor at 400°C. The time of each frame is given. A 
1/3 (422) forbidden reflection was used to form the images so that the gray levels correspond to ter¬ 
races, with intensities repeating every unit cell (three steps). Steps do not move during oxidation of 
several layers showing that step sites are no more reactive than terrace sites. (Reprinted with permis¬ 
sion from Ross and Gibson, © 1991 by the American Plysical Society.) (B) Two images of an Si(001) 
sample observed before and after oxidation in air at room temperature. A 1/4 (220) forbidden reflec¬ 
tion was used to form these images. The steps do not move on this surface either. 



Figure 6-15. Oxidation of a block oxide structure. High-resolution image of an Nb 2 20 54 crystal after 
heating by the electron beam and exposure to 15 mbar oxygen. The partly oxidized structure consists 
of microdomains of Nbi 0 O 2 5 (arrowed) in an Nb 22 0 54 matrix. These images have been used to identify 
the structure of the Nbi 0 O 25 phase and the complete oxidation sequence from Nb 12 0 29 to Nb 10 O 25 has 
been determined using in situ experiments. (From Sayagues and Hutchison, 2002 with permission 
from Elsevier.) 
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Figure 6-16. Carbon nanostructure 
growth in situ. (A) Formation of diamond 
in situ. Polyhedral graphitic particles 
were produced by arc-discharge and 
were transformed into perfectly spheri¬ 
cal onions by electron beam irradiation 
above 600K. The decreasing distance 
between shells toward the center showed 
that the onions are in a state of high self¬ 
compression. The nucleation of cubic 
diamond occurs in the centers of the 
onions during irradiation above 900K, 
and the diamond grows until, surpris¬ 
ingly, almost all the onion shells are con- A 
sumed. (a) After 2h of irradiation at 
1.25 MeV and 20 mA cm -2 , (b) After a 
further hour of irradiation. A typical 
twin is visible in the diamond. High 
pressure appears necessary to nucleate 
the diamond, but further growth is by 
beam-induced defects. (Reprinted with 
Permission from Banhart, © 1997. Amer¬ 
ican Institute of Physics.) (B) Growth of 
multiwalled carbon nanotubes by cata¬ 
lytic chemical vapor deposition. Bright- 
field images showing an Ni-Si0 2 catalyst 
(a) exposed to H 2 at 450°C; (b) after 
exposure to acetylene (300mTorr of an 
H 2 -C 2 H 2 mixture), and (d) another part 
of the sample after 3 min. The arrows 
show an individual Ni particle. At higher 
temperatures single-walled tubes 
formed but with catalysts present at the 
bases rather than the tips of the tubes. 
(Reprinted with permission from 
Sharma and Iqbal, © 2004. American 
Institute of Physics.) B 
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generates point defects which deform the graphitic sheets, forming 
new structures (Ugarte, 1992; Banhart, 1997), while irradiation of mate¬ 
rials such as Cu implanted with C causes graphitic onions to grow (Abe 
et al., 2002). Familiar or new C and BN structures, and even formation 
of diamond from graphite, can thus be observed in situ (Ugarte, 1992; 
Ru et al., 1996; Niihara et al., 1996; Banhart, 1997,1999,2003; Bengu and 
Marks, 2000; Roddatis et al., 2002; Troiani et al., 2003; Gloter et al., 2004; 
Wang et al., 2005). 

Carbon nanotubes are of particular interest, and can be grown in situ 
by introducing a precursor gas such as methane, propylene, or acety¬ 
lene over a catalyst (Sharma and Iqbal, 2004; Sharma et al., 2005). 
During growth, individual catalyst particles change their shape, and 
nucleation sites can be identified (Helveg et al., 2004). Once grown, 
carbon nanotubes can be modified with the beam (Terrones et al., 2000, 
2002) to produce more complex structures. 

3.5 Epitaxial and Polycrystalline Thin Film Growth 

The experiments in Section 3.4 have shown the exciting possibilities 
for controlled environment growth of nanostructures. Continuous thin 
films can also be grown in situ , and this allows important processes 
such as nucleation, development of surface morphology, and relaxation 
to be observed. Although some studies describe polycrystalline film 
growth (for example Al; Drucker et al., 1995), most systems examined 
in situ have been epitaxial. These include Au on MgO (Kizuka and 
Tanaka, 1997a, b), Ge on Si (see below), and silicides on Si (Section 2). 
These experiments can provide detailed and quantitative information 
if growth conditions such as flux and temperature are calibrated 
carefully. 

The most detailed studies have examined Ge and SiGe epitaxy on 
Si. This is a 'Test system" for studying epitaxial growth phenomena 
which also has great relevance to the development of microelectronic 
devices. A true UHV environment is required for the experiments, as 
the Si substrate foil is cleaned by heating in UHV to above the oxide 
desorption temperature. Growth is then carried out by UHV-CVD 
using gases such as disilane or digermane. Growth was observed by 
Krishnamurthy et al. (1991) in STEM, and by Minoda and Yagi (1996) 
and Ichikawa et al. (1998) in REM. But most work in this system has 
been carried out using conventional weak beam imaging in plan view, 
giving the highest sensitivity to strain fields (Figure 6-17). LeGoues et 
al. (1996) and Hammar et al. (1996) grew Ge on Si(lll) and (001) in situ, 
clearly imaging the initial surface reconstruction, the nucleation of Ge 
islands, and later their growth and coalescence. The structures pro¬ 
duced depend strongly on growth conditions. By varying the parame¬ 
ters, a range of fascinating phenomena now known to be common in 
other epitaxial systems was observed, such as the change in island 
shape during the introduction of stress-relieving dislocations (LeGoues 
et al., 1994, 1995). The range of structures observed in these studies 
would have been tedious to capture ex situ, and dynamic phenomena 
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Figure 6-17. Ge island nucleation, growth, and relaxation. (A) Island coarsening. A series of video 
frames showing stages of island growth within a 0.5 pm x 0.5 pm area. Growth conditions were 5 x 
10 _7 Torr Ge 2 H 6 and 650°C. Weak beam images were acquired in a (g, 3 g) condition with g = 220. The 
time of each frame after "nucleation" (first appearance of islands) is given. (B) The time evolution of 
every island within the area. (C) A simulation showing the fate of islands with different initial sizes, 
based on a modified Ostwald ripening process in which islands coarsen but also undergo a shape 
transition at V c . The scale of the plot is chosen to match the data shown in (b). (Reprinted with permis¬ 
sion from Ross et al., © 1998 by the American Physical Society.) (D) The introduction of dislocations 
into a partially relaxed island. Images were obtained 59, 94, 96, and 140 min after the beginning of 
growth, with the last three images taken within 1 s of each other. Growth conditions were 650°C and 
10 -6 Torr of 10:1 He: GeH 4 . Only dislocations in the dark part of the image can be seen (D1-D3). (From 
Hammar et al., 1996 with permission from Elsevier.) 

such as island shape changes and the essential role of Ostwald 
ripening (Ross et al., 1998) would not have been detected without the 
use of in situ TEM. Changes caused by the presence of surfactants 
during growth have also been examined in situ (Maruno et al., 1996; 
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Portavoce et al., 2004). It is interesting to note that complementary 
studies using in situ LEEM have been important in fully understanding 
growth in the SiGe system, as LEEM is more sensitive to surface struc¬ 
ture (e.g., Ross et al., 1999b). 

When low Ge content (say 15%) SiGe is grown on Si, islands are not 
seen, but instead a continuous flat layer forms. When sufficiently thick, 
this film relaxes by introduction of dislocations. The motion of these 
dislocations can be measured during film deposition and compared 
with dislocation dynamics during post-growth annealing, which will 
be discussed in Section 5. Interestingly, the parameters governing dis¬ 
location motion are different during growth, where the surface is H 
terminated, versus during annealing, where the surface is oxidized 
(Stach et al., 1998b, 2000). A higher kink nucleation rate under the oxi¬ 
dized surface, perhaps due to surface stress or increased point defects, 
is the probable cause. This is important for modeling relaxation during 
device processing, and shows once again the unique information that 
can be obtained when materials are observed during growth rather 
than ex situ. 


3.6 Crystal Growth on Patterned Surfaces 

An interesting extension of the growth studies described above is the 
study of crystal growth on a non-uniform substrate. By carrying out 
growth on substrates which have been patterned to create areas of dif¬ 
ferent reactivity, strain, or topographic contrast, the effect of these 
parameters on growth may be visualized directly and even quantita¬ 
tively, if kinetic data is obtained. 

Again, most work has been done in the SiGe system, motivated by 
an interest in controlling island self-assembly for fabricating novel 
electronic devices. It is well known that if Ge is deposited on patterned 
Si, islands form at positions aligned with the topography. In situ mea¬ 
surement of nucleation times at different locations (Ross et al., 2004) 
showed that this is controlled by competition between edge adsorption 
of adatoms and terrace nucleation. Patterns may also be created with 
a focused ion beam. At low doses, this forms a shallow topography 
(Figure 6-18A) that is sufficient to control nucleation and alter wetting 
layer thickness (Kammler et al., 2003; Portavoce et al., 2006). In these 
experiments the focused ion beam gun was installed in a chamber 
connected to the TEM by UHV. The inclusion of surface processing 
tools that are not in situ (i.e., in the polepiece) but are within the 
microscope's vacuum system enables a wider range of processes to be 
carried out controllably. 

A second example also relates to semiconductor nanostructures: 
vapor-liquid solid growth of nanowires. Here, a droplet of liquid eutec¬ 
tic catalyzes growth to form elongated wirelike structures. This process 
has been imaged in situ in plan view, allowing wire growth to be 
observed qualitatively, in Si/Au (Wu and Yang, 2001), Si/Fe (Zhou et 
al., 2002), and GaN (Stach et al., 2003). In GaAs/Au (Persson et al., 
2004), post-growth heating of wires was used to deduce an alternative 
mechanism, vapor-solid-solid growth. If experiments are performed in 
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Figure 6-18. Growth on patterned 
substrates. (A) Bright field image of 
a Si substrate with g = 220, recorded 
directly after focused ion beam pat¬ 
terning using an irradiation time of 
0.1 ms per feature (left). After anneal¬ 
ing followed by deposition of Ge at 
650°C and 5 x 10" 8 Torr; (g, 3 g) weak 
beam image with g = 220 (right), 
showing islands (small dots) on the 
irradiated areas. (Reprinted with 
permission from Kammler et al., 
2003. American Institute of Physics.) 
(B) Growth of an epitaxial Si nanow¬ 
ire by the vapour-liquid-solid mech¬ 
anism, at 620°C and 3 x 10 _6 Torr 
Si 2 H 6 with times in seconds indi¬ 
cated. The wire direction is (111) and 
the viewing direction is near (01-1) 
in this dark field g = 220 series. The 
Au-Si droplet is visible on the end of 
the wire. As growth continues, the 
droplet shrinks due to diffusion of 
Au down the wire surface, causing 
the wire diameter to decrease with 
it. 



reflection geometry, however, growth kinetics can be measured quan¬ 
titatively (Figure 6-18B). Such studies demonstrate effects that are not 
expected from the basic growth model, such as surface faceting (Ross 
et al., 2005) and catalyst diffusion during growth (Hannon et al., 
2006). 

3.7 Summary 

In this section we have highlighted insights in surface physics and 
crystal growth derived from in situ TEM. Experiments in this field, 
while often requiring dedicated equipment with complex additional 
preparation chambers, provide information that is difficult or impos¬ 
sible to obtain using other techniques. Continuous and direct observa¬ 
tion in situ avoids artifacts arising from ex situ observation, which may 
be especially significant for growth studies. It is particularly encourag¬ 
ing that realistic growth conditions can be accessed in the TEM, 
enabling in situ studies of, for example, catalysis or CVD to be related 
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to their counterparts in the outside world. Indeed, the relevance of in 
situ TEM to the catalyst and microelectronics industries is shown by 
the presence of environmental microscopes in several industrial 
laboratories. 

Opportunities clearly exist for further study. Growth on patterned 
surfaces, prepared if necessary with integrated processing tools in the 
TEM system, seems a particularly exciting way to examine the funda¬ 
mental processes controlling growth and to fabricate nanoscale objects 
with particular properties. Another potentially significant area is the 
correlation of structural or kinetic in situ measurements with macro¬ 
scopic properties such as stress. Stress may be measured by depositing 
onto a crystalline membrane whose curvature can be observed. This 
may provide insight into the important processes associated with 
coalescence and grain boundary motion during polycrystalline film 
growth, as well as stress relaxation mechanisms in epitaxial films. 

4 Magnetic, Ferroelectric, and Superconducting 
Materials 

It is happily convenient that magnetic and ferroelectric domain walls 
and magnetic flux vortices can be visualised relatively easily in the 
TEM using several different imaging modes. This provides us with the 
opportunity to study the dynamics of ferromagnetic and ferroelectric 
domain switching, as well as interesting phase transformations associ¬ 
ated with magnetic, ferroelectric, and superconducting materials. 
Holography or Lorentz imaging, either in Fresnel or Foucault mode, 
can be used to visualise magnetic domain walls and flux vortices, 
while ferroelectric domains can be observed through their strain field 
or defect structure. By applying a varying magnetic or electric field to 
the sample, or by changing its temperature, we can modify its magnetic 
or ferroelectric structure and correlate the change with the physical 
microstructure. Such experiments have provided insight into domain 
boundary dynamics, useful in modeling the workings of storage media 
or memory elements, as well as providing compelling illustrations of 
the motion of flux vortices through superconductors. 

4.1 Magnetic Domain Motion in Ferromagnetic Materials 

The interesting physics and industrially important applications of 
magnetic materials have generated a strong in situ experimental effort 
in this area. Studies have been motivated by a desire for a basic under¬ 
standing of magnetic phenomena, as well as by the use of magnetic 
materials in storage, sensor, and other applications, where the magne¬ 
tization of small regions of a material has to change controllably and 
reversibly many times. The most powerful experiments have related in 
situ observation of, say, the micromagnetic changes during a hysteresis 
cycle to the macroscopic magnetic properties. This allows us to under¬ 
stand, for example, the volume fraction of ferromagnetically or antifer- 
romagnetically coupled regions in a material, or the structural reasons 
for an imperfect coupling of adjacent layers. 
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To carry out in situ magnetic experiments, two components are 
required: the ability to apply a controlled field to the specimen, and 
appropriate imaging capabilities for resolving its magnetic structure. 
Also useful is the ability to heat or cool the sample so that phenomena 
can be studied around the Curie temperature. 

For applying a controlled magnetic field, it is preferable if the micro¬ 
scope is designed so that the sample sits in a field-free or low-field 
region. However, if a conventional microscope is used, the objective 
lens can be switched off, and the magnification this lens usually sup¬ 
plies can be achieved with the other lenses. The controlled magnetic 
field can then be applied using coils placed in the column or on the 
specimen holder. Several different designs of specimen holders incor¬ 
porating coils have been developed to generate in-plane and out of 
plane fields, preferably without shifting the beam (for recent examples 
see Uhlig et al., 2003 and Yi et al., 2004). An alternative holder geometry 
(Park et al., 2005) uses a sharp needle made of a permanent magnet to 
produce a strong field near the specimen. A simpler solution that does 
not involve modification of the sample holder is to tilt the sample in an 
excited objective lens, thereby changing the field it experiences. This 
has been used to good effect in the experiments on superconductors 
described in Section 4.2. 

Several imaging techniques are available for magnetic structures. 
These are described in detail elsewhere (Zhu and De Graef, 2001), and 
include holography, Lorentz imaging in the Fresnel (easier) or Foucault 
(higher resolution) modes, and the differential phase contrast tech¬ 
nique. These techniques have been used extensively to examine static 
magnetic structures, but here we discuss only experiments where the 
magnetic structure is deliberately changed. Such experiments have 
been carried out on single crystals, thin films (often of complex multi¬ 
layers), and patterned magnetic elements. 

4.1.1 Thin Film Magnetic Materials 

The motion of domain walls in polycrystalline magnetic materials has 
been studied for over 30 years to determine how domain walls move 
in perfect materials, how they interact, and how grain boundaries and 
other defects alter their motion by pinning. For example, macroscopic 
hysteresis loops have been correlated with pinning and domain size in 
Co/Pt (Donnet et al., 1993), and during magnetization reversals in Nd- 
Fe-B, the grain structure has been shown to affect the mechanism and 
motion of the domain boundaries (Thompson et al., 1997; Volkov and 
Zhu, 2000). 

Interesting and complex functionalities can be obtained by fabricat¬ 
ing multilayered materials where each layer has different magnetic 
properties. For example, two ferromagnetic materials separated by a 
conducting layer can show giant magnetoresistance properties which 
have applications in nonvolatile magnetic random access memory and 
magnetoresistive read head technologies. When one ferromagnetic 
layer is "pinned" by an adjacent antiferromagnetic layer, multistep 
hysteresis loops make the structures suitable for spin valves or spin 
tunnel junctions. Magnetic tunnel junctions made of two (or more) 
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magnetic layers separated by an insulating tunnel barrier can also be 
used for storage or sensing. Details of the magnetization reversal 
mechanism (for example, whether it occurs by domain nucleation and 
growth or by spin rotation), and the relationship of the hysteresis loop 
to the microstructure (interface roughness and grain size) are open 
questions in these interesting multilayers. For NiFe/Al-oxide/Co and 
Co/NiFe/Al-oxide/NiFe multilayers, Lorentz imaging in Fresnel mode 
(Yu et al., 2002a, b) showed the process of magnetization reversal by 
wall motion and rotation (Figure 6-19), and the relationship of grain 
size and texture to domain wall motion. Lim et al. (2002, 2004) exam¬ 
ined reversal in the complex structures such as PtMn/CoFe/Ru/CoFe/ 
Cu/CoFe/NiFe used in advanced spin valves, while Portier et al. (1999a) 
studied the effect of heating on Ta/NiFe/Cu/Co/MnFe/Ta films to 
model thermal damage in spin valves. In IrMn/CoFe films, in situ 
experiments showed that magnetization reversal must overcome two 
energy barriers, explaining the asymmetry in the reversal behavior 
and other features of the hysteresis loop, as well as the dependence of 
the properties on the layer thicknesses (Y.G. Wang et al., 2002). It is 
clear that in situ experiments provide a unique way of studying the 
properties of the ever more complex multilayers being developed for 
modern read heads and other applications. 

4.1.2 Small Magnetic Elements 

Since most applications of magnetic materials require the material to be 
patterned into small elements, it is naturally useful to examine the 
behavior of individual elements in situ. Typically an electron transparent 
substrate such as a SiN layer is used, on which magnetic elements of 
different shapes and sizes are patterned using electron beam lithogra¬ 
phy. The elements may either be far apart so that they can be studied in 
isolation, or near their neighbours so that crosstalk can be observed. It 
is possible to perform micromagnetic simulations of the complete struc¬ 
tures, to provide a way to understand the microstructural observations 
and relate them to macroscopic measurements of hysteresis loops. 

A switching experiment carried out on arrays of Co elements is 
shown in Figure 6-20 (Volkov et al., 2004). Such experiments have 
allowed the switching field of several materials to be measured (e.g., 
K.J. Kirk et al., 1999). Permalloy (NiFe) elements have been particularly 
closely examined (Johnston et al., 1996, McVitie and Chapman, 1997, 
Schneider et al., 2001, 2002, 2003, X.X. Liu et al., 2004, Lau et al., 2005). 
These studies showed how the different configurations of remanent 
magnetization and the process of magnetization reversal depend on 
the aspect ratio and symmetry of the elements, as well as the tempera¬ 
ture, and how the reversal rate of the field affects the final domain 
configuration. Multilayer elements can also be studied, and by examin¬ 
ing spin valve elements, Portier and Petford-Long (2000) showed that 
certain end shapes allowed easier switching by enabling 360° domain 
walls to form. Analogous phenomena occur when arrays of holes (anti¬ 
dots) are patterned in an otherwise continuous film. In Permalloy, 
antidots alter the domain structure and reversal mechanism (Toporov 
et al., 2000). 
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Figure 6-19. Magnetization of a multilayered 
film in situ. Lorentz Fresnel images (a-k) of the 
magnetization process for an NiFe/Al-oxide/Co 
junction film. The direction of the applied field 
H is indicated. All images are of the same area. 
Also shown is the normalized magnetization vs 
applied field for the same film. The correspond¬ 
ing domain structure at different field values 
along the hysteresis loop is shown. (Reprinted 
with permission from Yu et al., © 2002a. Ameri¬ 
can Institute of Physics.) 
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Figure 6-20. Magnetization of small elements. (A, B) In situ magnetization of two Co elements 25 nm 
thick and 6?m on a side on an SiN membrane. Images are shown as a function of decreasing applied 
field, achieved by tilting the sample in a fixed normal field excited by the objective lens (160 Oe), and 
images are obtained using defocused Fresnel mode. Large and small arrows show the direction of the 
applied field and local magnetization, respectively. The nucleation of the reverse domain is indicated 
with asterisks. Only the upper semiloop of the hysteresis curve is shown; the reverse process is some¬ 
what alike but differs in the reverse switching field. The processes observed in these images are 
coarsening of ripples, due to coherent spin rotation; nucleation and expansion of reverse domains; 
wall motion and spin rotation in the remaining domains; expulsion of unfavorable boundary domains; 
and edge annihilation. (From Volkov et al., 2004 with kind permission of Taylor and Francis Ltd.) 


An interesting extension of these in situ studies on magnetic ele¬ 
ments has been the simultaneous measurement of resistivity. Using a 
holder in which the resistivity of a single lithographically patterned 
element can be measured while its magnetization is changed, Portier 
et al. (1997, 1998, 1999b) were able to correlate magnetoresistance with 
the magnetic domain structure. Studies on single spin valves made of 
multilayers such as NiFe/Cu/Co/NiFe/MnNi allowed magnetoresis¬ 
tance to be correlated with the angle between the magnetization direc¬ 
tions in the ferromagnetic layers. It was also possible to show the 
mechanism of magnetization reversal, and to demonstrate the effect of 
stray-field coupling, which introduces edge domains, on the reversal 
mechanism. 

4.1.3 Phase Transitions in Magnetic Materials 
The industrial application of materials with giant magnetoresistance 
has stimulated study of an unusual class of materials which show 
colossal magnetoresistance. These are certain manganites with the 
perovskite structure, such as LaSrMn0 3 , which have both ferromag- 
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netic and paramagnetic phases. The phase transition and mixed phase 
regions in these materials can be studied in situ in a cooling stage using 
electron holography. The nucleation of ferromagnetic domains can be 
observed on cooling (Yoo et al., 2004a), while in the mixed phase 
region, application of a magnetic field creates channels connecting fer¬ 
romagnetic regions, thereby changing the conductivity (Yoo et al., 
2004b). These studies help to explain details of the mechanism of colos¬ 
sal magnetoresistance. 

Another interesting class of magnetic materials is ferromagnetic 
shape memory alloys such as Ni 2 MnGa and CoNiAl. In these materials, 
the shape change may be induced by applying a magnetic field. Again, 
in situ TEM using Lorentz imaging and a cooling stage (Murakami et 
al., 2002, Park et al., 2003) allows the correlation of the magnetic domain 
structure with the grain structure in these materials. Phase transfor¬ 
mations in Ni 2 MnGa are shown in Figure 6-21. In experiments like this 
on bulk materials, the effects of varying sample thickness on domain 
motion should be considered in order to obtain the most quantitative 
results. 

4.2 Superconducting Materials 

In situ TEM has provided a fascinating glimpse into the dynamics of 
superconducting materials. Over the last several years, several groups, 
most notably that of Tonomura and coworkers, have observed the pres¬ 
ence and dynamics of vortices in superconductors using in situ tech¬ 
niques. Single vortices, with their magnetic flux of h/2e, have an 
observable effect on the phase of the imaging electrons. Thus Lorentz 
microscopy or holographic techniques can be used to determine their 
positions and characteristics. A medium or high voltage TEM with a 
cooling stage is used for these studies and the magnetic field can be 
conveniently applied to the sample by tilting the sample in the existing 
field of the objective lens. 

These experiments have provided unique insights into the behavior 
of superconducting materials, in particular concerning the formation 
of vortex lattices, as well as vortex pinning, which must be controlled 
for practical applications of superconductors. Real time imaging has 
allowed vortex pinning and dynamics to be related to microstructural 
features for several superconducting materials (Figure 6-22). The 
motion of vortices was first imaged in Nb foils below 5K (Figure 6- 
22A). The effects of grain boundaries on vortex motion were immediat- 
edly visible (Harada et al., 1992, Bonevich et al., 1993; Tonomura, 2002). 
The role of dislocations in pinning vortices and nucleating locally 
ordered regions of vortices (the Abrikosov lattice) was demonstrated 
(Horiuchi et al., 1998). Nb specimens which had been irradiated with 
an FIB to produce artificial pinning centers showed fascinating vortex 
dynamics in which local regions of Abrikosov lattice formed and most 
motion took place at the boundaries of such lattices (Matsuda et al., 
1996). Regular arrays of vortices could be formed with period matching 
the pinning point period (Harada et al., 1996a). Vortex annihilation was 
also observed (Harada et al., 1997) and the interactions between vortices 
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Figure 6-21. Phase transformation in a magnetic material, (a-h) Bright-field images and electron dif¬ 
fraction patterns of the three phases of Ni 2 MnGa: the parent phase at 294K, intermediate phase at 
207K, and martensite at 170K (P, I, and M, respectively). Both the crystal structure (via diffraction) and 
the magnetic structure (magnetic domains observed by Lorentz microscopy) are visible. BC and DW 
represent the bend contours and the domain walls, respectively. (Reprinted with permission from Park 
et al., © 2003. American Institute of Physics.) 


quantified (Sow et al., 1998) by analyzing their motion through the foil. 
Most recently, asymmetric (one-way) motion of vortices has been con¬ 
trolled by FIB-patterning asymmetric channels (Togawa et al., 2005). 

For high temperature superconductors, with their potentially wide 
range of applications, the pinning of vortices is weak and therefore 
particularly important to understand and control. Harada et al. (1996b) 
showed that, in these materials, vortex dynamics also depend on the 
defects present. The effects of artificial pinning centers are highly 
temperature dependent, giving useful insight into the different mecha¬ 
nisms active (Tonomura et al., 2001). Furthermore, the vortices adopt 
unusual chainlike arrangements in these superconductors (Matsuda et 
al., 2001, Tonomura et al., 2002), as shown in Figure 6-22B. It is worth 
noting that a high voltage (IMeV) TEM was required to obtain the 
necessary resolution for studying these materials (Tonomura, 2003). 
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4.3 Ferroelectric Phenomena 

Ferroelectric domain boundary motion due to an applied electric field 
or stress has applications in information storage, and the piezoelectric 
properties of these materials make them interesting as sensors, actua¬ 
tors and transducers. Two key issues in the development of ferroelec¬ 
tric devices are fatigue, in other words the change in boundary 
dynamics resulting from repeated cycling, and the effects of film thick¬ 
ness and electrode material on boundary dynamics. Polarized optical 



Figure 6-22. Vortex motion in superconductors. (A) Pinning of vortices in Nb. Typical interaction 
between the vortex lattice and an array of defects produced in an Nb thin foil by irradiation with a 
Ga+ focused ion beam. In the first image, obtained at 4.5K, the pinning site acts as a domain boundary, 
while at higher temperatures (8K, lower image) pinning points typically act as cores of edge disloca¬ 
tions in the lattice. (From Harada et al., 1997b with permission from Elsevier.) (B) A series of Lorentz 
micrographs of vortices in field-cooled Bi-2212 film at 50 K when a magnetic field Bz perpendicular to 
the layer plane is applied. The in-plane magnetic field Bx is fixed at 5mT. (a) Bz = 0 (b) Bz = 0.02 mT. 
(c) Bz = 0.1 mT. (d) Bz = 0.17 mT. The arrangement of the vertical vortices in chains is marked with 
arrows. These chains are caused by interactions with horizontal vortices produced by the in-plane 
field. (Reprinted with permission from Tonomura et al., © 2002 by the American Physical Society.) 
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microscopy and AFM have been used successfully to investigate the 
overall features of boundary motion, but naturally TEM is unparalleled 
in its ability to relate the microstructural features within the material 
to boundary motion. In situ experiments are usually carried out by 
using a specimen holder with electrical connections to apply an electric 
field, although domain motion during heating and straining has also 
been studied. A heating biasing holder is preferable as it allows domain 
dynamics to be studied at different distances from the transition 
temperature. 

Ferroelectric biasing has been carried out both on mechanically 
thinned polycrystalline or single crystal samples, and on thin films 
deposited on a substrate. Depending on the material geometry, the 
electrical contacts may either both be on top of the sample or one on 
each surface. As in other experiments, for quantitative analysis a well 
controlled specimen and field geometry is important. Changes in 
sample thickness may change the area of domain walls and therefore 
influence kinetics. Furthermore, as we show below, defects affect wall 
motion, so the defects introduced during sample preparation must be 
minimized. For all these reasons, experiments on bulk materials may 
provide more qualitative information, whereas thin films, especially 
on substrates which can be made into electron transparent membranes 
with a controlled electrode geometry and with minimal processing, 
provide the best opportunity for quantitative results. For example, thin 
film studies provide the opportunity to understand the "dead layer," 
in which surface pinning retards domain motion. 

Domain motion has been observed under electron beam heating, for 
example in K(Ta,Nb)0 3 (Xu et al., 1993), and during straining, for 
example in ferroelastic zirconia (Baufeld et al., 1997). Most studies, 
however, have used in situ biasing or controlled heating to achieve 
domain motion. The most detailed results have come from studies of 
BaTi0 3 and related materials. For example, Ren et al. (1994) observed 
domain wall motion in PbTi0 3 , while Snoeck et al. (1994) observed 
domain growth in BaTi0 3 by tip motion and then by lateral wall motion, 
and noted defects along the domain boundaries. Krishnan et al. (1999, 
2000, 2002; Figure 6-23) observed different modes of domain wall 
motion in BaTi0 3 and KNb0 3 under heating, biasing, and UV irradia¬ 
tion. These studies showed that the motion of 90° boundaries depends 
on their curvature and on locking interactions with neighboring 
domains, and that motion may occur by rippling rather than rigidly. 
Interestingly, images showed the presence of trapped charge at curved 
or tilted boundaries or at domain tips. The buildup of charge at bound¬ 
aries observed in situ may be important in fatigue. 

In relaxor ferroelectrics such as Pb(Mg,Nb)0 3 -PbTi0 3 , cracking is 
important in piezoelectric applications. The structures of domain wall 
intersections has been characterized in these materials (Tan and Shang, 
2004a, b; Tan et al., 2005). Cycling the electric field causes cracking in 
the TEM specimens, thereby providing information on crack propaga¬ 
tion pathways along domain walls (Xu et al., 2000; Tan et al., 2000, 
2005). 
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Figure 6-23. Domain wall motion in ferroelectrics under biasing. Bright field images of single crystal 
KNb03 viewed close to the [010] direction, (a) Before applying an E-field, (b) After applying the field. 
Initially, numerous needle-like 90° domain walls as well as dislocations (dark wiggly features) and 
other domain wall geometries (vertical stripes) exists. On application of the field, the needle like walls 
move readily, coarsening the domain structure and forming straighter walls which then move less 
easily. This is because curved and tilted 90° domain walls (indicated by 1) must support a geometri¬ 
cally required Maxwellian displacement charge hence experience a direct force from an applied field, 
while charge-neutral domain wall regions (indicated by 2) do not experience a direct force. This sug¬ 
gests an intrinsic mechanism of fatigue. (Reprinted with permission from Krishnan et al., © 2000. 
American Institute of Physics.) 
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By analogy with the magnetic phase transitions described in Section 
4.1.3, ferroelectric phase transitions may be examined by applying 
an electric field in situ. An example is the electric field-induced trans¬ 
formation of incommensurate modulations in Sn-modified Pb(Zr,Ti)0 3 
(He and Tan, 2004, 2005). Other ferroelectric materials, such as 
Ba 2 NaNb 5 Oi 5 , show interesting incommensurate phases on heating or 
cooling, and these have been studied in situ for several decades. For 
Ba 2 NaNb 5 Oi 5 , the incommensurate to tetragonal phase transition has 
been examined in diffraction (Pan et al., 1985; S. Mori et al., 1997). The 
nucleation of the incommensurate phase can be investigated (Verwerft 
et al., 1988) as well as the effect of beam-induced defects on the phase 
transformation (Barre et al., 1991). 

We have seen that many ferroelectric phenomena have been exam¬ 
ined using electric field and/or hot stage TEM. But it is worth noting 
that, in comparison with magnetic studies of reversal phenomena, the 
study of ferroelectric materials has not been as quantitative. As with 
the magnetic studies, it may be possible to combine simulations with 
in situ studies on patterned ferroelectric elements (Lin et al., 1998), 
perhaps prepared using focused ion beam processing, to obtain a more 
detailed understanding of switching and phenomena such as surface 
effects and fatigue. 

4.4 Summary 

In situ experiments have provided a persuasive demonstration of the 
dynamic processes within superconducting, magnetic, and ferroelec¬ 
tric materials: domain motion, flux vortex arrays, and pinning. In 
the future, where applications of nanostructured ferroelectric and fer¬ 
romagnetic materials in storage and microelectronic devices may 
become even more important, in situ techniques are ideally suited to 
analyze switching and fatigue effects. This will be especially useful 
in combination with nanoscale patterning to create well-defined 
geometries. We envisage interesting results if such studies are com¬ 
bined with high speed imaging techniques as well as 3D analysis 
techniques, such as tomography, for boundary or vortex configura¬ 
tions. However, it is also worth noting that real materials are buried 
within structures, giving boundary conditions for the electric, mag¬ 
netic, and strain fields which are different from those found in a TEM 
foil. Care must be taken that this does not limit the utility of in situ 
TEM. For modeling real life systems, these effects must be included, 
perhaps by imaging at higher voltage or using tomographic or other 
analytical techniques to pick out the material of interest from within 
a complex structure. 

5 Elastic and Plastic Deformation 

TEM is well suited for studying the mechanical properties of materials. 
Under appropriate conditions, TEM is very sensitive to lattice distor¬ 
tion, allowing observation of both elastic and plastic deformation via 
strain fields. In situ deformation studies aim to impose a known stress 
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on a sample and measure the response quantitatively. This may be 
achieved using a straining stage to pull the specimen uniaxially or 
biaxially with piezo or mechanical linkages. Alternatively stress can 
be imposed by heating samples with a thermal expansion mismatch 
or an inbuilt stress, such as epitaxial films. Straining can even be 
carried out in a controlled atmosphere to simulate phenomena such as 
hydrogen embrittlement. The sample itself may be a thin film, a nano¬ 
structure or a bulk material, perhaps notched to initiate cracks. The 
information from in situ experiments is important because deformation 
is a bulk process and so requires a technique that can see deep into 
the specimen; surface techniques can not give the whole picture, even 
if the signature of dislocations can sometimes be seen on the surface. 
Of course TEM samples are thin in the beam direction so have free 
surfaces nearby, a factor that must be considered in interpreting results. 
This can actually be put to good use, though, in studies of tribology or 
the deformation of individual nanostructures in situ. 

5.1 Microscopic Phenomena during Deformation of 
Bulk Materials 

Structural changes during deformation, such as grain boundary 
motion, dislocation motion, and cracking have been studied in situ for 
just about every class of bulk material. These experiments have yielded 
useful information on dislocation interactions, pinning, the transfer of 
strain across boundaries, and the effects of temperature. This area has 
a history going right back to the start of high voltage microscopy, and 
a review of the first, pioneering work can be found in Butler and Hale 
(1981). Here we discuss some recent studies on metals, ceramics, semi¬ 
conductors and alloys. Most experiments require straining stages 
which are also capable of heating, up to very high temperatures in 
some cases. Design rules for such extreme heating and straining holders 
are discussed by Messerschmidt et al. (1998) and Komatsu et al. (1994). 
Other studies examine the mechanical response of materials to irradia¬ 
tion and will be discussed in Section 8. 

5.1.1 Deformation Phenomena in Single Crystals and 
Polycrystalline Materials 

For single crystals, it is possible to relate an applied stress to the motion 
and interactions of specific types of dislocations. In situ observations 
provide detailed measurements of dislocation generation and multipli¬ 
cation mechanisms, as well as geometry, dissociation, interactions, and 
slip systems (Figure 6-24A). Studies on polycrystalline materials, on 
the other hand, allow us to understand the important process of strain 
transmission across grain boundaries. Heating, straining, and heating/ 
straining experiments have been the focus of several groups, and com¬ 
prehensive reviews are available (Messerschmidt et al., 1997; Mori, 
1998; Pettinari et al., 2001; Vanderschaeve et al., 2001; Messerschmidt, 
2003). 

We first consider metals and alloys. Dislocation motion has been 
studied in single crystals such as Mg, Cu, and Al at moderate tempera¬ 
ture, while refractory metals require high temperatures (Mori, 1998). 
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Figure 6-24. Deformation of bulk crystals. (A) Dislocations moving away from a localized source 
during in situ deformation of a MoSi 2 single crystal at ~900°C. The loading axis is [201], which is a soft 
orientation, and dislocations of Burgers vectors 1/2 <111> are activated on {110} planes. The traces of 
these slip planes run horizontally. Owing to the generation of these dislocations in localized sources, 
as shown here, planar slip dominates. The foil plane is (010) and g = [220]. (From Messerschmidt et 
al., © 1998. Courtesy of Cambridge University Press.) (B) Deformation of a refractory metal, V, without 
formation of dislocations. Diffraction patterns are obtained near the crack tip during deformation of 
a notched foil. As the internal stresses increase, the spots expand perpendicularly to the crack so 
appear elongated. (The central spot is masked to prevent overexposure.) Images do not show clusters 
of point defects in V, unlike the case of Au strained under the same conditions. (From Komatsu et al., 
2003 with permission from Elsevier.) 

◄- 

Most studies apply a uniaxial stress, although, for example, cyclic 
shearing of Al single crystals has been described (Kassner et al., 1997). 

Plastic deformation does not always require dislocation generation or 
motion, and in V, Mo, and other bcc metals, deformation may occur by 
formation of point defects rather than dislocations. This too can be 
observed in situ with appropriate diffraction and imaging techniques 
(Komatsu et al., 2003; Figure 6-24B). The challenge in all these strain¬ 
ing experiments is to make them quantitative. One interesting tech¬ 
nique for the measurement of local stress is through the curvature of 
dislocations between pinning points (Pettinari et al., 2001). 

As an intermediate case between single crystal and polycrystalline 
metals, bicrystals provide the opportunity to apply the precision of 
single crystal experiments to studies of strain transfer across boundar¬ 
ies. For example, in symmetric X 3 Fe-4 at.% Si bicrystals, Gemperlova 
et al. (2002) determined the primary slip system and studied the par¬ 
ticular slip systems which can transmit stress across the boundary. 

For polycrystalline metals, deformation can be investigated for thin 
films by either straining or heating. TEM is well suited to these thin 
film studies, although the sample geometry must still be controlled (for 
example with respect to thickness uniformity) to avoid artifacts, and 
surface passivation can affect the results. Straining experiments have 
shown, for example, that the failure mode of polycrystalline Ni films 
depends on grain boundary structure (Hugo et al., 2003). Thermal 
cycling experiments show grain boundary motion (see Section 2.1.3) 
and the interactions of dislocations with grain boundaries and precipi¬ 
tates (e.g., Kaouache et al., 2003). For thin Cu and Al films, the higher 
yield stress known for these materials has been related to particular 
types of dislocation motion (Dehm and Arzt, 2000; Balk et al., 2003). 

Threading dislocation motion and the effect of the passivation layer 
have also been studied (Keller-Flaig et al., 1999; Legros et al., 2002). 

Recent progress with nanoindentation stages (Section 5.3.1) and the 
development of specimens incorporating microelectromechanical 
(MEMS) free-standing films (Section 5.1.2) promise further develop¬ 
ments in understanding the deformation of polycrystalline films in the 
future. 

We now consider intermetallics, which have been examined in situ 
to understand the mechanism of their high temperature toughness and 
phase transformations. Generally, dislocation dynamics change as a 
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function of temperature in these materials (e.g., Haussler et al., 1999). 
Dislocation interactions, cross slip, and nucleation of loops control 
work hardening, ductility, and the critical resolved shear stress (Legros 
et al., 1996,1997; Legros and Caillard, 2001). Dislocation motion during 
creep has also been examined (Malaplate et al., 2004). 

Polysynthetically twinned TiAl crystals have lamellar structures 
with well-defined boundaries. By analogy with the bicrystal experi¬ 
ments, strain propagation across these boundaries can be quantified in 
situ (Zghal et al., 2001; Pyo and Kim, 2005). Transformations in shape 
memory alloys have already been mentioned in Section 2, and in situ 
straining experiments relate the microstructural changes during defor¬ 
mation to the stress-strain response (Jiang et al., 1997; Dutkiewicz et 
al., 1995; Gao et al., 1996). The cracking of intermetallics is also impor¬ 
tant in applications. Dislocations emitted at a crack tip can be analyzed 
(in NiAl; Caillard et al., 1999), and amorphization can be detected at 
crack tips (in NiTi ordered alloys; Watanabe et al., 2002). 

Quasicrystals have interesting mechanical properties and disloca¬ 
tion geometry. In situ heating and straining experiments have led to 
the identification of shear systems and models for dislocation motion 
in these materials (Messerschmidt et al., 1999; Messerschmidt, 2001; 
Caillard et al., 2002; Mompiou et al., 2004; Bartsch et al., 2005). 

Ceramics have been important subjects of study since the 1970s, with 
an interest in comparing dislocation motion at lower and higher tem¬ 
peratures (e.g., in zirconia, Messerschmidt et al., 1997; alumina, Komatsu 
et al., 1994; MoSi 2 , Guder et al., 2002). In quartz, strain-induced phase 
transformations have been studied by combined straining/heating 
experiments (Snoeck and Roucau, 1992). 

We finally consider semiconductors. Kinetic studies show that dis¬ 
location motion is consistent with glide governed by the Peierls mecha¬ 
nism (Vanderschaeve et al., 2001). From dislocation motion and pinning, 
the kink mean free path and formation and migration energies can be 
determined (Gottschalk et al., 1993; Vanderschaeve et al., 2000; Kruml 
et al., 2002). Radiation enhances the glide of dislocations by changing 
some of these parameters (Section 8). Most studies have used low reso¬ 
lution, dark field imaging to record dislocation motion, but it is actually 
possible to observe directly the thermal motion of kinks in Si using a 
high resolution forbidden reflection imaging technique (Kolar et al., 
1996). This generates fascinating information. The kink formation 
energy and unpinning barrier can be derived from the distribution and 
pinning of individual kinks, and videos show directly that kink migra¬ 
tion is the rate limiting step in dislocation motion. This technique 
should be applicable to other materials and is expected to lead to 
further advances in our understanding of dislocation motion (Spence 
et al., 2006). 

5.1.2 Deformation of Multiphase, Composite , or Layered Materials 
Deformation experiments in multiphase materials, such as dispersion 
strengthened alloys, are particularly important in materials develop¬ 
ment, since they show how strain is transmitted between components. 
Dispersion strengthened Al alloys have been examined extensively, to 
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characterize the nucleation of dislocations at precipitates and their 
motion past precipitates (Vetrano et al., 1997; Hattenhauer, 1994). These 
phenomena are critical in high temperature deformation of such alloys. 
Other phenomena, such as grain boundary migration, coalescence, and 
elimination of subboundaries, occur during dynamic continuous crys¬ 
tallization on loading in the TEM (Vetrano et al., 1995; Dougherty et 
al., 2003), with in situ studies helping to understand the processes. Steel 
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Figure 6-25. Deformation in a Cu-Nb multifilamentary composite. Nanocomposite materials are 
used in wires requiring high strength and high conductivity. This sample was prepared by cold 
drawing an Nb rod inside a Cu jacket several times until a composite was formed consisting of Cu- 
17%vol-Nb with 10 7 Nb filaments 40 nm across in Cu. The Cu channels have <111> texture, the Nb 
filaments have <110> texture, and the Cu-Nb interfaces are semicoherent. The sequence of images 
shows the introduction of dislocations under an applied force of 8 N. At this point Cu is plastically 
deformed while Nb is still elastically deforming. The area shown is a Cu channel of width about 
100nm (white) between two Nb filaments (black). At the beginning of the sequence (image a), five 
dislocation loops are present on parallel planes. A few seconds later the sixth and seventh loops appear 
(images b and c). By the end of the sequence 13 loops are present, and they have interacted to produce 
a honeycomb pattern (circles in images c-f). This dislocation behavior is used in a plastic flow model, 
which explains the very high ultimate tensile stress of fcc-bcc nanocomposite structures. (From Thilly 
et al., 2002, with kind permission of Taylor and Francis Ltd.) 
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Figure 6-26. Dislocation motion in H atmosphere. Showing the effect of H on the mobility of disloca¬ 
tions in 310S stainless steel, (a) dislocation configuration in vacuum under constant load; (b) 35 Torr; 
(c) 90 Torr of hydrogen; (d) composite image formed by subtracting (c) from (a). (Reprinted with per¬ 
mission from Robertson and Teter, © 1998 by the American Physical Society.) 


is of course another multiphase material whose behavior in situ has 
been studied for some time (Caillard et al., 1980); industrially relevant 
studies of dislocation motion and slip transmission through interfaces 
in steels continue (Verhaeghe et al., 1997; Janecek et al., 2000; Zielinski 
et al., 2003). Many other nanocomposite materials provide interesting 
examples of dislocation-interface interactions. One such is shown in 
Figure 6-26 (Thilly et al., 2002) and other work is reviewed by Louchet 
et al. (2001). 

Techniques developed for multiphase materials extend easily to 
engineered multilayers, where the interaction of dislocations or cracks 
with interfaces is of interest. Cross sections of multilayers may be pre¬ 
pared using a FIB to form a thin section at which cracks will initiate 
(Wall et al., 1995; Wall and Barbee, 1997). Alternatively, multilayers (or 
thin films) may be integrated into a mechanical testing stage. One 
example is a piezo stage for cyclic loading of solder thin films, use to 
show that cavitation is the dominant fatigue damage mechanism (Tan 
et al., 2002). In this stage, a multilayered structure is fabricated which 
includes the material of interest as well as a piezoelectric layer. 

The future for thin film and multilayer studies undoubtedly lies in 
extending this sort of approach, achieving controlled deformation 
using MEMS-based techniques. MEMS force sensors and displacement 
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measurement systems can be integrated with the film of interest, allow¬ 
ing for quantitative experiments. Stages for uniaxial tensile testing of 
free-standing thin films have already been demonstrated (Haque and 
Saif, 2003, 2004, 2005; Hattar et al., 2005), with initial results on poly¬ 
crystalline A1 thin films, and other functionalities such as heating are 
under development (Zhang et al., 2005). We anticipate further exciting 
progress in this area. 

5.1.3 Deformation in a Controlled Atmosphere 
By combining mechanical testing with controlled environment TEM, 
a very important objective, understanding the mechanism of hydrogen 
embrittlement of steels, has been achieved (Figure 6-27). In situ strain¬ 
ing experiments carried out in an environmental cell showed that 
solute hydrogen can increase the speed at which dislocations move 
through the material, as well as increasing the rate of crack propagation 
(Robertson and Teter, 1998; Teter et al., 2001; Sofronis and Robertson, 
2002). By quantitatively analyzing dislocation dynamics on adding and 
removing hydrogen, competing mechanisms for embrittlement could 
be distinguished. The hydrogen shielding model was confirmed, in 
which the hydrogen-enhanced localized plasticity mechanism is the 
shielding of the dislocation from interactions with other strain centers 
such as pinning points, other dislocations, or solutes. Few other materi¬ 
als have been strained in a controlled atmosphere, although Maeda et 
al. (2000) showed that the incorporation of hydrogen from a plasma 
increases the motion of dislocations in semiconductors. Further studies 
could provide a sensitive probe of dislocation properties and 
interactions. 

5.2 Relaxation of Epitaxially Strained Materials 

In this section, we consider another method of straining a material: 
growth of the material epitaxially on a lattice mismatched substrate. 
As the layer is deposited a high intrinsic stress builds up, and, once 
above a "critical thickness," the layer may relax by forming a network 
of dislocations at the layer-substrate interface (Figure 6-27A, B). This 
phenomenon can be examined in situ. First, a layer thicker than the 
critical thickness is grown, but at a temperature that is too low to allow 
dislocation nucleation or propagation. Then a plan view TEM specimen 
is prepared and heated in situ , allowing relaxation to be observed as a 
function of temperature. The advantage of this type of experiment is 
that the stress state is very well defined, making this a situation where 
dislocation dynamics can be measured quantitatively. Such studies are 
motivated by their importance to the microelectronics industry, since 
the positions of individual dislocations, the density of threading arms, 
and the motion of dislocations during processing are known to affect 
device performance. 

This work was carried out for the system Sii_ x Ge x on Si, with x 
ranging from about 0.05 to 0.3 (Hull et al., 1989, 1991). Measurements 
of dislocation velocity as a function of layer parameters are shown in 
Figure 6-27C. For capped layers, the results supported the diffusive 
kink pair model of dislocation propagation, and for uncapped layers 
they showed that propagation is through motion of single kinks. 
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Figure 6-27. Dislocation dynamics in SiGe heterostructures. (A) Image showing the typical disloca¬ 
tion structure in SiGe heterostructures. Plan-view TEM image of a relaxed 300 nm Si/150 nm Si 80 Ge 2 o/ 
Si (001) heterostructure. Closely spaced inter facial dislocation pairs are segments of the same disloca¬ 
tion loop at the top and bottom SiGe/Si interfaces. (From Stach et al., © 1998b Courtesy of Cambridge 
University Press.) (B) 220 g, 3 g weak-beam dark-field micrograph of a threading dislocation segment 
connecting two interfacial dislocation segments. (From Stach et al., 1998b.) (C) Measured dislocation 
velocities compared with predictions of the double-kink theory for SiGe layers buried beneath a 
300nm Si cap, as in (A). The Ge concentrations, x, and epilayer thicknesses are given on the graphs 
while the dislocation velocities are given in Angstrom s -1 . The fitting parameter used in the model is 
half the double-kink nucleation energy, taken as 1.0 eV. (Reprinted with permission from Hull et al., 
1991. American Institute of Physics.) 
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Activation energies and prefactors were measured for dislocation 
nucleation and propagation. Note that a well calibrated system is neces¬ 
sary if TEM-derived parameters such as activation energy are to be 
meaningful. In this case, the sample temperature was calibrated using 
Si regrowth (Section 2.1.1), and finite element analysis was used to 
determine the conditions under which sample bending could be 
neglected (Hull and Bean, 1994). The parameters determined in situ 
were eventually used in a processing model for microelectronic device 
design (Hull et al., 1989). 

A similar experimental approach allows other features of the relax¬ 
ation process to be examined as well. Dislocation nucleation has been 
studied in SiGe/Si implanted with F (Stach et al., 1998a) and with He, 
which forms platelets and bubbles (Follstaedt et al., 1997; Hueging et 
al., 2005). Although most work has been in the SiGe/Si system, a few 
other epitaxial systems have been studied as well, such as BaTi0 3 on 
SrTi0 3 (Sun et al., 2004), ZnSe on GaAs (Lavagne et al., 2001), and Al 
on A1 2 0 3 (Dehm et al., 2002). Clearly, many other materials systems 
could yield useful information with this technique. 

We finally note that dislocation configurations in thin films, such as 
in Figure 6-27A, are somewhat random. However, in well controlled 
geometries—relaxed epitaxial islands, or surfaces with modulated 
stress fields—dislocation locations can be predicted accurately (Liu et 
al., 2000; Kammler et al., 2005). This suggests opportunities for in situ 
TEM to provide quantitative information on dislocation nucleation and 
growth in finite nanostructures with built in strain, such as epitaxial 
islands or composite wires or ribbons. 

5.3 Mechanical Properties of Nanostructures, Thin Films, 
and Surfaces 

TEM is particularly appropriate for studying the mechanical properties 
of small volumes of material. In the work discussed so far, the same 
stimulus (strain, heat) is applied to the entire specimen. By applying 
the stimulus to only a small part of the specimen, the correlation 
between mechanical input and structural response can hopefully be 
made more precise. In this section we discuss experiments in which 
small volumes of a specimen are mechanically deformed (nanoinden¬ 
tation), the surface is probed, or nanostructures are deformed. These 
experiments make use of scanning probe techniques to bring a tip near 
the sample for controlled deformation of an area under observation. 

5.3.1 In Situ Indentation of Thin Films 

By integrating a nanoindenter into a specimen holder, it is possible to 
examine localized deformation of single crystals, polycrystalline mate¬ 
rials, and layered structures. Nanoindentation holders have been 
described by Wall and Dahmen (1998), Stach et al. (2001), Minor et al. 
(2001), Bobji et al. (2003) and Ii et al. (2004). The design must include 
some way of making sure the indent occurs in an electron transparent 
region of the specimen. In the design of Wall and Dahmen, for example, 
a Si sample (mounted vertically) is etched to form a ridge which proj¬ 
ects out into the beam. Elastic deformation followed by dislocation 
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Figure 6-28. Nanoindentation of steel. Series of images of an Fe-C martensite, including a low-angle 
grain boundary, (a) Before indentation, (b) at 21 nm penetration depth, showing dislocation emission 
beneath the indenter, (c) at 46 nm penetration depth, showing dislocation pileup at the grain boundary, 
and (d) at 84 nm penetration depth, demonstrating dislocation emission at the far side of the grain 
boundary. (From Ohmura et al., ©2004. Courtesy of Institute of Materials Research Society.) 


formation is visible in this ridge during indentation. Using this sample 
geometry, the motion of dislocations and grain boundaries under the 
indenter tip has been studied in a variety of materials deposited onto 
the substrate. In ultra fine grained Al, for example, grain boundary 
motion occurs under the tip (Jin et al., 2004). This does not occur in 
Al-Mg, suggesting that solute drag is important (Soer et al., 2004). 
Similarly, in Ni, deformation proceeds by diffusion-controlled grain 
boundary-mediated processes rather than dislocation motion within 
grains (Shan et al., 2004). Si shows dislocation plasticity on room tem¬ 
perature nanoindentation (Minor et al., 2005). Nanoindentation of mar¬ 
tensitic steel is shown in Figure 6-28 (Ohmura et al., 2004), and the 
formation of dislocations and the strain transfer across grain boundar¬ 
ies are visible. As well as dislocation formation and motion, nanoin¬ 
dentation can cause crack propagation. The nature and pathway for 
such cracks can be determined (Ii et al., 2004; Matsunaga et al., 2004). 
In the future, we expect to see exciting developments in the area of in 
situ nanoindentation, driven by the incorporation of sensors that allow 
stress-strain curves to be measured during deformation. This suggests 
exciting possibilities for quantitative analysis of nanoscale mechanical 
properties. 
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5.3.2 Tribology and Nanomanipulation 

Nanoindentation is only one of several interesting experiments that 
can be carried out in holders incorporating a scanning tip with piezo¬ 
electric actuators. For example, the tip can be used for fundamental 
studies of tribology by scraping it across a surface. Tip-substrate inter¬ 
actions were observed in reflection mode geometry as a graphite speci¬ 
men was imaged using STM (Spence et al., 1990; Lo and Spence, 1992), 
and changes in the surface were attributed to shearing and abrasion. 
Using a similar holder in a UHV TEM, Naitoh et al. (2000) correlated 
the atomic configuration at a tip surface with the resolution of STM 
images it produced. Fujisawa and Kizuka (2003a) and Ohnishi et al. 
(1998a) observed the motion of a tip across a stepped surface and deter¬ 
mined the effects of rastering and surface topography on lateral dis¬ 
placement. This sort of information is naturally important in interpreting 
scanning probe images. 

Alternatively, an in situ STM tip can be used to form small necks or 
grain boundaries by touching it to the surface, deforming both materi¬ 
als (Figure 6-29). The structure of these necks can then be observed at 



Figure 6-29. STM surface manipulation. Series of high-resolution images of atomic-scale removal type 
mechanical processing of an Au surface. A region six atomic columns wide on the fixed side (B) is 
removed by the Au tip on the mobile side (A). On both sides the beam is parallel to the [110] axis. The 
time is (a) 0 s, (b) 1.2 s, (c) 3.5 s, and (d) 5.8 s. Boxed circles show the unit cell of Au. These images give 
a visual impression of events that may occur during STM operation as well as phenomena associated 
with friction. (From Kizuka et al., © 1998c. Courtesy of Cambridge University Press.) 
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high resolution. Kizuka and Hosoki (1999) recorded the interactions as 
two oxidized Si tips came into contact, observing the strength of the 
boundaries formed, and Naitoh et al. (2000) observed twins in necks 
of Si formed between clean Si and a W tip. Most work, however, has 
involved Au. Kizuka (1998a, b) showed formation of a neck between 
Au contacts and observed compression, shear, deformation, slip, and 
twinning. These videos give a stunning visual impression of the inter¬ 
action of the tip with a surface during scanning, and allow a study of 
friction at the nanoscale (Fujisawa and Kizuka, 2003b). Naturally, the 
electrical properties of such necks can also be studied, and this will be 
described in Section 6. 

5.3.3 Mechanical Properties of Nanostructures 
The mechanical properties of elongated nanostructures are a natural 
subject for in situ studies. For carbon nanotubes, mechanical parame¬ 
ters such as Young's modulus were first measured by observing the 
vibration of tubes which extend out as cantilevers (Krishnan et al., 
1998). These tubes vibrate because of coupling to motion in the stage. 
However, the mechanical properties of tubes can also be measured by 
bending them with an STM tip. Individual CNTs can be bent and 
broken (Kuzumaki et al., 2001) and stress and strain can be measured 
during deformation (Asaka and Kizuka, 2005). The welding of CNTs 
to a tip can be seen (Hirayama et al., 2001; Kuzumaki et al., 2004). A 
tip can even be used to operate a bearing made of telescoping CNTs 
(Cumings and Zettl, 2000; Figure 6-30). Such experiments can use the 



Figure 6-30. Mechanical properties of a 
carbon nanotube. Selected frames of a video 
recording of the in situ telescoping of a multi- 
walled nanotube. In the first five frames, the 
core nanotubes are slowly withdrawn to the 
right. In the sixth image, which occurred one 
video frame after the core was released, the 
core has fully retracted into the outer nanotube 
housing as a result of the attractive van der 
Waals force. (Reprinted with permission from 
Cumings and Zettl, © 2000, AAAS.) 
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Figure 6-31. Mechanical properties of a nanobelt. A ZnO nanobelt at (a) stationary, (b) the first-har¬ 
monic resonance in the x direction, frequency 622 kHz, and (c) the first-harmonic resonance in the y 
direction, frequency 691 kHz. (d) An enlarged image of the nanobelt and its electron diffraction pattern 
(inset). The projected shape of the nanobelt is apparent, (e) The FWHM of the resonance peak mea¬ 
sured from another ZnO nanobelt. The resonance occurs at 230.9 kHz. (Reprinted with permission 
from Bai et al., © 2003. American Institute of Physics.) 


TEM for more than just imaging; for example, Suenaga et al. (2001) 
were able, using EELS, to probe changes in electronic structure during 
bending of multiwalled and bundled single walled CNTs, and correlate 
these changes with deformation. 

By using a stage with piezo drives to induce an alternating electrical 
field between a nanowire and an electrode, controlled frequency vibra¬ 
tions can be set up in the nanowire (Wang et al., 2001, 2002a). For 
example, in ZnO wires of rectangular cross section, each direction of 
vibration has its own resonances from which the modulus and time 
constant or Q factor can be derived (Bai et al., 2003a; Figure 6-31). Such 
measurements of bending modulus can be related to defects in indi¬ 
vidual structures (Gao et al., 2000). In fact, the mechanical resonance 
depends so sensitively on the structure that modulus measurements 
have potential use for measuring small masses. A less quantitative 
application (at present) is a stage developed for stretching chains of 
nanoparticles, of interest for their use as reinforcing fillers and their 
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presence in diesel exhausts (Suh et al., 2004). It will be exciting to see 
these mechanical techniques applied to more complex structures such 
as composite nanowires or filled CNTs. 

5.4 Summary 

Mechanical deformation has been successfully examined in situ using 
several innovative techniques. The future challenge in mechanical 
testing is to make its results even more quantitative and to minimize 
or account for thin foil effects. Customised design of specimens using 
MEMS technology, integrating for example tensile testers, tweezers, 
notches, or other structures, will certainly become more widespread 
for thin film experiments. Measurement of stress-strain curves during 
nanoindentation will provide accurate information on the mechanical 
response of a system, for example as single dislocations are introduced. 
Deposition of a film of interest, perhaps with an engineered boundary, 
onto a crystalline membrane may become useful in some cases, since 
the substrate deformation can be measured accurately from its strain 
contrast. Integration of such experiments with controlled atmosphere 
TEM will allow materials to be tested under the most realistic condi¬ 
tions. Elegant results on nanostructures have already been achieved 
using nanomanipulation with a tip. There is no doubt that these types 
of experiments are already bringing our understanding of the mechan¬ 
ical properties of small volumes of materials to a new level of 
precision. 

6 Correlation of Structural and Electrical Properties 
of Materials 

We have shown that fascinating data can result from the correlation 
between an applied stimulus, such as temperature, environment, or 
strain, and a microstructural change. Extending this approach, if we 
measure the electrical properties of a material while also observing or 
changing its structure, we can investigate structure-electrical property 
relationships in a unique way. The material under study can have a 
large volume, perhaps most or all of the TEM sample. Alternatively, 
structure-property relationships can be derived for individual 
nanostructures. 

These interesting experiments all require electrical biasing holders, 
but not necessarily video rate recording, since the sample itself may 
change only slowly, or not at all. Examples include measuring the con¬ 
ductivity of individual nanowires as a function of their diameter, mea¬ 
suring changes in resistance as voids form during electromigration, 
measuring the potential distribution across p-n junctions as a function 
of bias, or measuring conductivity after dislocations are introduced. 

6.1 Electrical Measurements on TEM Samples: Complete Samples 
as Devices 

Many important processes can be studied by applying a voltage across 
a bulk or patterned specimen in situ. We have already described the 
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use of an applied voltage to generate an electric field for ferroelectric 
switching (Section 4.3), and now consider other possibilities. One inter¬ 
esting example is the measurement of electric fields across p-n junc¬ 
tions. This has been a favorite topic from the early days (Darlington 
and Valdre, 1975). More recently, a varying bias has been applied in 
situ across a FIB-prepared p-n junction, using holography to measure 
the potential distribution (Twitchett et al., 2002, 2004). The eventual 
aim of such studies is to understand the complex fields within real 
transistors, although quantitative image matching shows that surface 
effects must first be understood. Similar biasing experiments can be 
useful probes of other materials too. For example, the potential distri¬ 
bution across the boundary in a ferroelectric bicrystal was mapped by 
holography (Johnson and Dravid, 1999,2000), showing breakdown and 
the presence of trap states associated with dopants. 

In situ biasing also allows resistivity to be measured, which can then 
be correlated with a structural transformation. Thus, the amorphous 
to crystalline transformation for phase-change memory materials 
(Section 2.1) can be correlated with resistivity, as shown in Figure 6- 
32A (Verheijen et al., 2004). Similarly, phase transformations in TiNi 
shape memory alloys can be related to resistivity (Ma and Komvopou- 
los, 2005). Another interesting application of in situ resistivity measure¬ 
ment is the observation of conductivity changes during ion or electron 
beam irradiation to determine the cross section and threshhold energy 
for Frenkel pair production (King et al., 1981; Haga et al., 1986). 

In situ resistivity measurements have also been used to probe the 
electrical properties of dislocations (Ross et al., 1993). In this experi¬ 
ment, dislocations are formed progressively in a p-n junction diode by 
heating a metastable SiGe layer (Section 5.2) in situ. Measurement of 
the diode reverse leakage current as a function of dislocation density 
yielded the leakage current per length of dislocation, useful in device 
modeling. In this experiment, however, leakage was measured through 
the whole device, while dislocation density was measured only in the 
electron transparent area. Imaging of the whole device would have 
been more precise. Mathes et al. (2003) were, in fact, able to thin the 
entire active region of a laser structure by FIB, and observed degrada¬ 
tion by dislocation formation during device operation. Such biasing 
studies could be combined with laser excitation in situ to examine 
degradation mechanisms and photoplasticity. 

Current flow through narrow metal lines results in electromigration. 
Due to its importance and its strong dependence on microstructure, 
electromigration has been studied intensively in situ (Figure 6-32B). 
Current is passed through an Al or Cu line patterned onto an oxide 
substrate, with the aim of observing void formation and dynamics at 
microstructural features such as grain boundaries and precipitates. 
There are two important experimental concerns in these experiments. 
Passivation of the metal surface is known from SEM studies to alter 
failure lifetimes (Doan et al., 2001); passivating the lines makes the 
experimental results more relevant to real life, but it is then harder to 
see void shapes and dynamics. Joule heating in the lines can be another 
problem (Shih and Green, 1995), especially since elevated temperatures 
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Figure 6-32. Correlation of resistivity with structure. (A) Video images taken at 15s time intervals 
simultaneously displaying the crystallization of an Al-Ge film at 450K and the accompanying drop 
in electrical resistance (insets). The crystallization front can be seen to proceed from the right- to the 
left-hand side. (Reprinted with permission from Verheijen et al., © 2004. American Institute of Physics.) 
(B) Evolution of a 300 nm wide Al (0.5 wt% Cu) interconnect line, 400 nm thick and 150 mm long on a 
20 nm TiN underlayer. Lines are deposited on a SiN/Si0 2 bilayer membrane to minimise changes in 
the stress state on heating. 100 nm oxide passivation is added, and the lines are then annealed to form 
the bamboo structure (i.e., all grain boundaries run perpendicularly across the line). In situ stressing 
is carried out at 320°C and a current density of 2 x 10 6 Acm -2 , for (a) 3.5, (b) 4.0, (c) 4.1, (d) 4.5, (e) 4.6 
and (f) 5.5 hours. (Reprinted with permission from Lau et al., © 1998 by the American Physical 
Society.) 
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and current densities above 10 6 Acm' 2 are used for accelerated testing, 
so in some experiments, on-chip heat sink structures are integrated 
into the samples (Prybyla et al., 1998). 

These studies show that electromigration-induced voids nucleate 
well before complete failure of the lines (Riege et al., 1996), and void 
dynamics depend on the local grain boundary structure. The failure 
mechanism depends on temperature, since at high temperature voids 
unpin from grain boundaries while at lower temperatures they grow 
at their nucleation site (Prybyla et al., 1998). Interestingly, when TiN 
barrier layers are present, voids do not migrate, presumably due to 
changes in surface diffusion (Lau et al., 2000). Even thin oxide films 
alter electromigration kinetics. Surface diffusion is in fact the domi¬ 
nant failure mechanism if grain boundary motion is hindered (Vook, 
1994; Chang and Vook, 1995). 

Since a thick passivation layer may be essential for meaningful 
results, in some studies the sample is mounted vertically and imaged 
in cross section at high voltage (Okabayashi et al., 1996; H. Mori et al., 
1997). Such experiments show mass transport through Al and TiN 
layers, as well as vertical void and whisker growth. The measurement 
of local strain by CBED during electromigration (Nucci et al., 2005) is 
an exciting recent development that promises to relate these in situ 
results more closely to models. 


6.2 Electrical Measurements on Individual Nanostructures 

The experiments described above, where electrical biasing is applied 
to a relatively large volume of the specimen, probe several important 
phenomena. At the nanoscale, equally interesting information is pro¬ 
vided by biasing individual nanostructures using STM technology. 
Commercial TEM/STM holders are in fact becoming increasingly 
common for both electrical and mechanical applications (www. 
nanofactory.com, www.gatan.com). 

As with the mechanical experiments in Sections 5.3.2 and 5.3.3, 
carbon nanotubes and Au wires are favored for electrical studies. We 
firstly discuss CNTs. One can bias a tip on which a tube has been 
placed or grown, or equivalently bias the tip and approach a tube on 
the substrate. This allows observation of the electric field distribution 
at the tip of a biased tube (Cumings et al., 2002), and structural changes 
during field emission (Wang et al., 2002b; Kuzumaki et al., 2004; Jin et 
al., 2005). The work function of CNTs can be measured and related to 
structure (Gao et al., 2001; Bai et al., 2003b; Xu et al., 2005a, b) and CNT 
growth can be observed in the gap between a biased tip and the sub¬ 
strate (Yamashita et al., 1999). 

If an individual tube is contacted, its conductivity can of course be 
measured. Kociak et al. (2002) were even able to correlate the chiral 
indices of double walled tubes, measured using diffraction, with their 
transport properties (Figure 6-33). Conductivity measurements show 
that CNTs are ballistic conductors at room temperature (Poncharal 
et al., 2002), and that the telescoping multiwalled CNTs mentioned in 
Section 5.3.3 behave as near-ideal rheostats (Cumings and Zettl, 2004). 
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Structural changes taking place during current transport have also 
been observed (Huang et al., 2005). 

The other common material for electrical studies is Au. When thin 
wires are formed by touching Au tips to a substrate and then pulling 
away, the conductance can be measured and correlated with the struc¬ 
ture. Figure 6-34 demonstrates quantized conductance through single 
and double Au chains (Ohnishi et al., 1998b). Single chains in fact show 
a metal-insulator transition (Kizuka et al., 2001a). Conductance and 
structure change together, showing the dynamic nature of the system 
(Kizuka et al., 2001b; Oshima et al., 2003c). Catalytically grown nanow¬ 
ires (Section 3.6) provide another interesting subject for study. Although 
Larsson et al. (2004) measured the conductivity of GaAs nanowires, 
nanowire electrical properties have generally not been examined in as 
much detail as Au wires or CNTs. 

For any nanostructure studied in situ, the nature of the contact, for 
example how the STM tip is cleaned, is important in ensuring that the 
measurements relate to the structure rather than the contact. A drop 
of Hg can be used (Poncharal et al., 1999; Wang et al., 2001; Kociak et 
al., 2002) to measure properties like work function and quantum con¬ 
ductance, but there are still real issues in creating ohmic contacts to 
nanostructures (Larsson et al., 2004) which must be solved before 
extending these experiments to a wider range of materials systems. 



Figure 6-33. Simultaneous structure analy¬ 
sis and measurement of transport properties 
for a double-walled nanotube (DWNT). (A) 
Experimental diffraction pattern of a DWNT. 
The iris-like ring is an artifact. Note the 
layered line structure of the diffraction 
pattern. The white arrow indicates the equa¬ 
torial line, and the gray ones indicate some 
other intensity lines. (B) Current-voltage 
characteristic of the same tube. Ohmic behav¬ 
ior is visible up to 0.5 V. Insets: Diffraction 
geometry. The upper inset shows the elec¬ 
tron beam oriented along X with (X' Y' Z') 
the frame of reference of the MWNT. The 
diffraction pattern is recorded in the YZ 
plane. In the lower inset, a carbon atom (gray 
dot) is characterized by a translation distance 
Z f G and a rotation angle O f G with respect to 
the tube axis. (Reprinted with permission 
from Kociak et al., © 2002 by the American 
Physical Society.) 
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Figure 6-34. Electrical properties of nano¬ 
wires. Quantized conductance of a single 
and a double strand of gold atoms prepared 
by contacting an Au surface with an STM tip 
in a UHV TEM. (a) Conductance change of 
the contact while withdrawing the tip. Con¬ 
ductance is shown in units of G 0 = 2 e 2 /h = 
(13kQ) _1 . (b) Electron microscope images of 
gold bridges obtained simultaneously with 
the conductance measurements in (a). Left, 
bridge at step A; right, bridge at step B. The 
bridge at step A has two rows of atoms; 
the bridge at step B has only one row of 
atoms. The distance from P to Q [(see (b)] is 
about 0.89 nm, wide enough to have two gold 
atoms in a bridge if the gold atoms have the 
nearest-neighbor spacing of the bulk crystal 
(0.288nm). (From Ohnishi et al., © 1998. 
Courtesy of Nature/NPG.) 




6.3 Outlook 

In situ electrical experiments have touched a range of phenomena, 
providing detailed and unique information on both bulk and nanoscale 
materials. With nanostructured materials appearing in more and more 
electronic applications, we anticipate increased demand for the sort of 
information that only these experiments can provide. We also antici¬ 
pate that other properties may be amenable to an analogous approach. 
Perhaps nanoscale optical response could be studied by feeding a laser 
beam into the sample area, or thermoelectric properties could be mea¬ 
sured in nanoscale structures. No doubt equally fascinating behavior 
would be revealed. 

7 Liquid Phase Processes 

We now consider another unusual application of in situ TEM: studying 
the important class of processes that takes place in the liquid phase. 
For the vapor phase crystal growth and surface reaction processes of 
Section 3, real time observations clearly improved our understanding 
of nanostructure formation and thin film growth. Is it possible to carry 
out the same sort of quantitative studies for crystal growth from the 
liquid phase, or study other liquid processes? The answer, perhaps 
surprisingly, is yes, and the presence of a liquid is not incompatible 
with the vacuum requirements of the TEM. In this section we describe 
several studies involving liquids, which range from electrochemical 
deposition to the hydration of minerals and the growth of polymers. 
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In Sections 2.1 and 2.3 we presented examples of experiments involv¬ 
ing melting and crystallization. These succeeded in the TEM either 
because the liquid was naturally trapped as an inclusion in a solid 
matrix, or because it had a low vapor pressure. Studies of vapor-liquid- 
solid growth (Section 3.6) also succeeded because of the low vapor pres¬ 
sure of the eutectic. For example, the vapor pressure above the Si-Au 
droplets in Figure 6-18 is only 10 -10 Torr at the growth temperature. 

But for liquids with higher vapor pressure, most importantly water, 
TEM can present some challenges. The liquid must be artificially 
encapsulated or differentially pumped to keep the pressure at the gun 
low enough for operation. Thus it is necessary either to use a special 
"window cell," in which the liquid is hermetically sealed between 
electron transparent membranes (windows), or to modify the micro¬ 
scope to increase pumping to the specimen area. Both approaches have 
advantages and disadvantages. 

If a hermetically sealed cell is used, the windows cause undesirable 
background in the images. Furthermore, since the liquid scatters just 
as strongly as a solid, it must be confined within a short path length. 
Either it must be present as a thin film covering a solid support, or (if 
it is to fill the cell) the windows must be very close together, which can 
be an engineering challenge. Even for thin liquid films on a solid 
support, the window separation should be minimized, as a long path 
length of vapor above the liquid leads to undesirable electron-gas inter¬ 
actions, especially for water vapor (Shah, 2004). Window cells are 
complex and do not usually allow heating or two-axis tilting, although, 
as we will see below, electrical connections are possible. In spite of the 
experimental limitations, a hermetically sealed cell can allow liquid- 
covered specimens to be examined in a close to natural state, or can be 
used to maintain a solvent-rich atmosphere. 

In the alternative approach, no windows are used, but instead addi¬ 
tional apertures are incorporated into the TEM and the pumping in 
the specimen area is modified to maintain a high pressure at the 
sample while leaving the rest of the column at low pressure. Micro¬ 
scopes with differential pumping have already been described in the 
context of gas phase reactions, but they can also be used to observe 
samples on which a liquid is present. The liquid can be introduced by 
injecting it through a valve. This approach requires a dedicated micro¬ 
scope, but has the potential to provide higher resolution images than 
are possible using window cells, and is also compatible with conven¬ 
tional heating, cooling, and tilting holders. 

Several studies involving liquids have overcome the experimental 
challenges described above and have yielded useful and unique infor¬ 
mation. Liquid phase TEM is still uncommon, however, and this is an 
area offering many opportunities. 


7.1 Imaging in a Saturated Environment or Under a Liquid Film 

Window cells or differentially pumped microscopes have been used 
in studies of a range of phenomena including hydration and dehydra¬ 
tion of minerals, the growth of nanostructures, and the action of cata- 
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lysts. Early work was carried out using window cells to provide a 
water saturated atmosphere, for example in studying the hydration of 
Portland cement (see Butler and Hale, 1981, for a review). The use of 
high voltage microscopes meant that the window separation was not 
too critical. Since then, several groups have used window cells to 
image biological and non-biological samples. Such cells are often 
based on the design of Fukami et al. (1991). The windows consist of 
20 nm amorphous C membranes attached over a perforated metal 
disc. This material can withstand a pressure differential of 250 Torr 
and does not produce much background in the images. Imaging in 
an atmosphere of -100 Torr air saturated with water vapor allowed 
Sugi et al. (1997) to examine an interesting biological mechanism: the 
movement of the myosin head in living muscle filaments. It also 
allowed Daulton et al. (2001) to determine the oxidation state of Cr in 
particles produced by an important Cr-reducing bacterium. Use of a 
window cell for biological materials avoids cryofixation with its atten¬ 
dant artifacts, so that for example bacterial cells do not burst, although 
beam damage still occurs at high doses. By injecting liquid droplets 
into a window cell, Foo et al. (2001) and Chiou et al. (2002) examined 
the arrangement and shape of small particles suspended in solvent, 
such as fume silica, smectite, and Au modified with DNA. Use of the 
window cell avoided the problem of agglomeration which usually 
occurs on evaporation. Although not strictly in situ experiments, this 
work illustrates the possibilities for examining liquid phase dynamics 
of small particles. 

As mentioned above, the use of a differentially pumped electron 
microscope allows for greater flexibility in the sample holder during 
liquid experiments. This approach has been successful for examining 
melting of Xe films (Zerrouk et al., 1994), liquid phase synthesis of Au 
nanorods (Gai and Harmer, 2002), and several important catalytic reac¬ 
tions, including the sequence used to form nylon (Gai, 2002b). The first 
reaction in this sequence, shown in Figure 6-35, was observed by 
injecting the precursor, in a methanol solvent, over a metal/Ti0 2 cata¬ 
lyst specimen, while simultaneously heating the catalyst and flowing 
hydrogen; the second reaction was observed at a higher temperature 
on introduction of adipic acid. Since many commercial polymerization 
reactions take place from solution, these types of experiments can have 
significant impact on the development of industrial processes, in the 
same way that gas phase experiments have supported industrial devel¬ 
opment of gas reaction catalysts. Recently, imaging in an environment 
of varying relative humidity using differential pumping and a cooling 
stage has allowed the deliquescence of salt and aerosol particles to be 
correlated with their structure and composition (Wise et al., 2005). The 
importance of these particles in the Earth's atmosphere makes this an 
urgent area for further investigation. 


7.2 Electrochemical Deposition 

Electrochemical deposition is an important crystal growth process 
which takes place from the liquid phase. Among its many applications 
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Figure 6-35. A liquid phase reaction in situ. The hydrogenation of adiponitrile (ADN) forms hexa- 
methylene diamine (HMD), an important material since it in turn is reacted with adipic acid and 
polymerized to produce nylon 6,6. The ADN to HMD reaction is carried out with ADN in a methanol 
solvent under gaseous hydrogen over a metallic catalyst, (a) High-resolution image of the catalyst, 
nanoclusters of Co-Ru (arrowed, c) over rutile titania support (with larger grains, u), at RT. (b) After 
immersion in adiponitrile in solvent and H 2 gas, at RT. (c) The formation of layers of the product HMD 
at 31°C. The width is indicated by double arrows, (d) Thicker layers form at 81°C (arrowed) after 3 min. 
(S with dots indicated the original catalyst profile.) (From Gai, 2002. Courtesy of Cambridge Univesity 
Press.) 


is the formation of the copper interconnects in integrated circuits, and 
a detailed understanding of nucleation and growth is important in 
optimizing this process. In order to study electrochemical deposition, 
not only must imaging be carried out in a stable liquid environment, 
but it must also be done under electrochemical control. Thus the exper¬ 
iment uses a window cell, as described above, with electrical connec¬ 
tions, as discussed in Section 6. 
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The electrochemical window cell (Williamson et al., 2003; Radisic 
et al., 2006) includes three electrodes connected externally to a poten- 
tiostat, allowing the same degree of control as a standard electro¬ 
chemical cell. The entire volume between the windows is filled with 
the electrolyte, and the current passes between the working and 
counter electrodes through this liquid. The working electrode, on 
which the material of interest is deposited, is patterned over one of 
the windows. The counter electrode and reference electrodes are thin 
wires extending into the liquid reservoir. Since the cell volume is 
completely filled, unlike the experiments described above, it is par¬ 
ticularly important to restrict the window spacing to below 1-2 pm to 
minimize multiple scattering. An imaging filter may be used to 
improve the contrast. 

Typical results, given in Figure 6-36, show the nucleation and growth 
of copper clusters on a gold electrode in real time, with simultaneous 
measurement of the voltage applied and the current flowing in the cell. 
If care is taken to verify that the behavior of the small area of electrode 
under observation is typical of the entire electrode, and that the small 
volume cell behaves like a standard electrochemical cell, quantitative 
data on individual clusters can be compared with electrochemical 
models. In the experiment shown here, conventional electrochemical 
models could not explain the nucleation density and growth rates 
observed. Conventional models include only direct attachment of 
copper ions onto existing clusters, and to explain the results it was 
necessary to modify these models to include a parallel pathway, direct 
attachment of Cu onto the electrode followed by surface diffusion to 
clusters (Radisic et al., 2006). 

Although complex, the electrochemical liquid cell developed here 
may be adapted for a variety of electrochemical growth and corrosion 
processes. In the future, this type of experiment could be enhanced by 
combining the cell with microfluidics technology to allow flowing 
rather than stationary liquid, and to enable controlled mixing or heating 
of liquids. 


7.3 Outlook 

Dynamic processes which take place in liquids and at liquid/solid 
interfaces have great importance across broad areas of science and 
technology. The results described in this section show that processes 
involving water or other liquids may indeed be observed in real time 
and with reasonable spatial resolution in situ , providing information 
which is difficult to obtain using techniques such as scanning probe 
microscopy or SEM. Further experiments could improve our under¬ 
standing of, for example, changes in electrode surfaces during battery 
charging or underwater corrosion of metals such as steel. We anticipate 
that future liquid studies in the TEM will provide important informa¬ 
tion relevant to microelectronics fabrication, catalyst design, and certain 
biological processes, making this a key area of in situ TEM for further 
development. 
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Figure 6-36. Electrochemical deposition of copper. Deposition was carried out in situ onto a gold 
electrode from acidified CuS0 4 solution. First a reverse potential was applied for 2 seconds to clean 
the electrode, then deposition was carried out at a constant potential of -0.07 V, measured with respect 
to a Cu reference electrode. The upper graph shows the current flowing through the TEM cell. After 
a sharp transient, the current curve shows a characteristic maximum (-0.26 pA after 1.5 seconds in 
this case) which can be fitted with a model of cluster nucleation and growth. The images provide a 
direct view of cluster evolution on part of the electrode, with Cu appearing dark. The lower graph 
shows the growth of a single cluster (radius vs. time) compared with the prediction of two models. 
The growth rate is much slower than predicted, and the cluster density much higher, suggesting that 
the models needs to be modified by the inclusion of surface diffusion effects. (From Radisic et al., © 
2006 with permission of the American Chemical Society.) 


8 Ion and Electron Beam-Induced Processes 

Ion and electron beams have multiple effects on a specimen, depending 
on the material, and atomic displacements, implantation of atoms, or 
ionization may all be seen during in situ experiments. Irradiation 
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effects are certainly worthy of study both as basic and applied science, 
and are of interest far beyond simply understanding TEM artifacts. 
Historically, irradiation damage by ions, electrons, or both simultane¬ 
ously was studied in situ in attempts to model neutron damage in the 
context of nuclear electric power generation and the development of 
host materials for long term nuclear waste storage. The high dose rates 
possible make TEM useful for accelerated experiments, and irradia¬ 
tion-induced defects and the effects of irradiation on phase equilibria 
and electrical and mechanical properties were studied. However, 
several other areas have recently become interesting. These include 
materials processing (ion beam assisted deposition, ion beam modifica¬ 
tion of interfaces, and ion implantation for microelectronics process¬ 
ing), development of semiconductor devices for aerospace applications, 
photoplasticity, and the study of radiation damage in minerals in order 
to improve the dating of radioisotope-bearing minerals. A recent 
review can be found in Birtcher et al. (2005). 


8.1 Electron Beam-Induced Phenomena 

In this section we discuss several effects of the electron beam on the 
specimen. Electron beam effects may be obvious, such as heating that 
induces or accelerates phase transformations, or more subtle, such as 
an increased point defect concentration that may affect deformation. 
Beam effects must of course be considered when interpreting any TEM 
observation, but can also be used to probe defect dynamics or growth 
processes. 

8.1.1 Interaction with the Atmosphere Above the Specimen 

As discussed in Section 3.4, the interaction of the electron beam with 
the column atmosphere produces a plasma in which structures such 
as fullerenes can grow, or certain components of oxides can be etched. 
Water vapor has a particularly strong interaction with the beam, as 
mentioned in Section 7. Beam-atmosphere interactions must be consid¬ 
ered when using a microscope without a controlled environment, 
because they can lead to uncontrolled effects. But even when the envi¬ 
ronment is controlled, interactions will of course still occur. For 
example, in the hydrogen embrittlement studies described in Section 
5.1, the electron beam significantly increases the "fugacity" (an effec¬ 
tive partial pressure) of the hydrogen (Bond et al., 1986). 

Beam effects in a reactive atmosphere can be used to advantage for 
deposition. For example, tungsten can be deposited via electron beam 
stimulated decomposition of W(CO) 6 (Furuya et al., 2003) to grow 
structures such as that shown in Figure 6-37. Similarly, iron can be 
deposited from Fe(CO) 5 (Tanaka et al., 2005; Takeguchi et al., 2005). 
Three dimensional structures may even be formed using a programmed 
STEM (Shimojo et al., 2004). 

8.1.2 Formation and Dynamics of Point Defects 

Once the beam hits the sample it creates point defects, and both point 
defect motion and the dynamics of phenomena induced by point 
defects can be examined in situ. In general, individual point defects are 
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difficult to see. However, if the specimen is thin and has a well-defined 
structure, such as a carbon nanotube, it may be possible to image point 
defects directly. Thus, point defects caused by irradiating graphene 
sheets may be imaged at high resolution (Hashimoto et al., 2004), and 
individual vacancy-interstitial pairs can be observed in double walled 
CNTs (Urita et al., 2005). Their relaxation can be measured, as can the 
defect-induced migration of metal atoms (Urita et al., 2004). 

When point defects cluster into extended defects, the extended defect 
dynamics can be measured to obtain indirect information about the 
point defects such as their diffusion parameters. The fundamentals of 
point defect motion have been studied in many materials in this way 
using high voltage microscopy and are reviewed by Kiritani (1999). For 
example, by measuring the growth and shrinking of interstitial loops 
during intermittent irradiation, it is possible to obtain activation ener¬ 
gies for vacancy migration and self diffusion (Arai et al., 1995). The 
density of point defects can be measured by examining the formation 
of jogs in dislocation loops (Arakawa et al., 2000) while their diffusion 
parameters can be measured by examining extended defect dynamics 
far from the irradiated area (Arai et al., 2004). Loop growth and shrink¬ 
age can even be used to investigate defects produced by ex situ neutron 
irradiation (Horiki et al., 1998; M.A. Kirk et al., 1999). 

Extended defect dynamics also provides information on interactions 
between point defects and extended defects. In Cu, irradiation causes 
growth of stacking fault tetrahedra, and an analysis of size fluctuations 
showed that growth is by ledge motion after capture of defects 
(Arakawa et al., 2002). In Si, irradiation forms interstitial clusters, and 
Fedina et al. (1998) and Vanhellemont et al. (1995) observed their struc¬ 
ture and formation kinetics (Figure 6-38). Strain fields influence point 



Figure 6-37. Fabrication of nanostructures by beam-vapor interaction. 
Nanoscale fabrication carried out on a carbon grid, using a fEM 2500SE STEM 
operated at 200 kV with a beam size of 0.8 nm and a beam current of 0.5 nA. 
W(CO) 6 gas was used at a flux of approximately 2 x 10 _4 PaLs _1 . A line across 
a hole was produced followed by fabrication of a circle. (From Shimojo et al., 
2004; with kind permission of Blackwell Publishing, Ltd., Oxford, U.K.) 
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Figure 6-38. Irradiation damage. High-resolution electron micrograph image 
of point defect aggregates created in Si during electron irradiation at room 
temperature. Irradiation was carried out at 400 kV and 10 20 electrons cm -2 s -1 
for 35 min. The {113} and {111} defects are marked with single and double 
arrows, respectively. (From Fedina et al., 1998 with kind permission of Taylor 
and Francis Ltd.) 

defect clustering (Vanhellemont et al., 1995; Fedina et al., 1997), so 
presumably clustering could be used to measure strain locally. However, 
imaging of defect clusters can be challenging and special weak beam 
imaging techniques may be necessary (M.A. Kirk et al., 1999). 

High voltage electron irradiation can be used to move atoms, say 
from the surface into the bulk of a substrate, via elastic collisions of the 
electrons with the heavy atoms. Systems studied include Au implanted 
into Si (Mori et al., 1992), Hf into SiC (Yasuda et al., 1992), and Au into 
Al (Lee et al., 2002b), which forms Al 2 Au phases that move down¬ 
stream. These experiments are useful in studying the phenomena 
taking place during ion beam processing. 

8.1.3 Beam-Induced Phase Transformations, Surface Reactions 
and Growth 

We have seen examples throughout this chapter where the beam has 
induced a phase transformation or caused a growth process. To under¬ 
stand these phenomena it is important to separate heating effects from 
those caused by knock-on damage or electronic excitations. This may 
require detailed hot stage measurements. 

Amorphization is the most commonly observed beam-induced 
transformation, taking place for example in SiC (Inui et al., 1992), Si 
(Takeda and Yamasaki, 1999) and GaAs (Yasuda and Mori, 1999). In 
InGaN, beam-induced amorphization looks just like compositional 
fluctuations (Smeeton et al., 2003) which may of course cause problems 
in image interpretation. Interestingly, in Zr 2 Ni and Zr 3 Al, the amor¬ 
phization kinetics are changed by the presence of hydrogen (Tappin et 
al., 1995), which alters the stability of the defective structure. Thus the 
microscope atmosphere should be considered in these transformations 
as well. The reverse process of beam-induced recrystallization also 
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occurs, for example in semiconductors (e.g., Jencic et al., 1995). It may 
be seen at voltages below those required to create point defects, and 
may be caused by the formation of dangling bonds at the crystalline/ 
amorphous interface. Other beam effects include phase separation and 
the formation of non-equilibrium phases (Section 2). For example, in 
borosilicate glasses, which have applications in nuclear waste storage, 
B-rich phases separate under the beam (K. Sun et al., 2005). 

Beam-induced growth processes have interesting applications in 
nanofabrication. Apart from the beam-induced deposition described in 
Section 8.1.1, nanostructures can be built by defect generation in suit¬ 
able substrates (see Section 3.4 for C examples) and wires can be formed 
by beam-enhanced surface diffusion (see Section 3.1 for an Au example). 
Nanostructured material can also be formed by beam-induced decom¬ 
position. This has been examined particularly in Si0 2 , where a combi¬ 
nation of sputtering and desorption produces Si rich regions (Fujita et 
al., 1996; Chen et al., 1998; Du et al., 2003; Furuya et al., 2003). Beam- 
induced decomposition occurs in many materials (A1 2 0 3 , MgO, A1F, 
etc.) and may proceed from either or both surfaces. Several processes 
are active, including interactions with the atmosphere, changes in 
surface diffusion (Mera et al., 2003) and surface roughening (Grozea et 
al., 1997). If the beam is finely focused, such as in a STEM, hole drilling 
may occur (e.g., Berger et al., 1987; Walsh, 1989; Kizuka and Tanaka, 
1997a, b), another possible method of fabricating nanostructures. 

8.1.4 Radiation-Enhanced Dislocation Motion 
In many materials, the electron beam influences dislocation motion. 
Radiation-enhanced dislocation glide during heating or straining has 
been studied quantitatively by recording the motion of individual dis¬ 
locations (Figure 6-39). Such measurements suggest a mechanism 
based on an enhancement in the creation rate of kink pairs, due to 
energy that is released by nonradiative recombination of electron-hole 
pairs at electronic levels associated with dislocations (Levade et al., 
1994; Werner et al., 1995; Yonenaga et al., 1999; Vanderschaeve et al., 
2000,2001; Maeda et al., 2000). The radiation-enhanced motion of indi¬ 
vidual kinks can actually be observed directly in plan view (Inoue et 
al., 1998). A radiation-enhanced climb process can also occur, due to 
absorption of interstitials by dislocations (Yonenaga et al., 1998). These 
studies are important in interpreting in situ deformation experiments, 
but also have a close relationship to the phenomenon of photoplasticity 
which is relevant to optoelectronic device degradation. 

8.2 Ion Implantation 

It is possible to irradiate a sample with ions while simultaneously 
imaging or irradiating it with electrons. This area of research requires 
complex, expensive instruments with tandem accelerators. However, 
because of the importance of the results, such equipment has been 
funded by several institutions around the world. A discussion of the 
microscopes capable of simultaneous ion and electron irradiation can be 
found in Allen and Ryan (1998) and some of the research has been sum¬ 
marized by Ruault et al. (2005). Our understanding of sputtering, ion 
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Figure 6-39. Radiation-induced dislocation glide. Velocity of dislocations in 
ZnS of different types per unit length, plotted as a function of electron beam 
intensity. Velocities were measured during in situ straining at 40 ±10 MPa and 
390K. The motion remains slow suggesting that the Peierls mechanism still 
controls motion, and velocity is proportional to dislocation length showing 
that kinks form individually and do not collide. The linear regime at low 
intensity suggests a change (reduction) in apparent activation energy due to 
nonradiative recombination of carriers at dislocations, assisting kink forma¬ 
tion. At high intensities the recombination rate saturates. (From Levade et al., 
1994 with kind permission of Taylor and Francis Ltd.) 


implantation, and materials processing, for example by impurity doping, 
may be developed using tandem microscopes. However, the driving 
force for these microscopes is a need to understand the effects of radia¬ 
tion on materials which may be used in reactor walls or for storage of 
radioactive waste. Simultaneous ion and electron irradiation simulates 
the defect types and concentrations created by irradiation with high 
energy neutrons from nuclear reactions. Neutrons induce displacement 
damage and cause the formation of helium as a byproduct. The helium 
forms bubbles and causes swelling, embrittlement, and radiation- 
induced segregation, and phase stability may change as a result. 

Because of their industrial importance, many irradiation studies 
have been carried out in steels. These include determining the stability 
of different phases after Xe irradiation (Chu et al., 2002) and measuring 
parameters of the motion of bubbles formed by He implantation (Ono 
et al., 2002). Quantitative studies provide information on the key defect 
formation and diffusion processes taking place. For example, in Cu, the 
kinetics of displacement collision cascade formation and the recombi¬ 
nation of point defects into clusters were measured using Kr irradia¬ 
tion (Daulton et al., 2000), while in Si, irradiation with Si shrinks the 
bubbles caused by H implantation (Ruault et al., 2002). Bubble motion 
has been studied in most detail in a simple system, however. This 
model system consists of insoluble noble gases such as Ar, Ne, or Xe 
implanted into an Al or similar matrix, forming small precipitates 
(Figure 6-40A). Implantation can be carried out ex situ (Birtcher et al.. 
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Figure 6-40. Dynamics of Xe precipitates. (A) Motion and coalescence of two isolated crystalline Xe 
preciptitates (Xe implanted ex situ) during continuous 1 MeV electron irradiation at room temperature. 
The irradiation causes a damage rate in A1 of approximately 3.9 x 10 -2 displacements per atom (dpa) 
per second. Measured from the first image, the elapsed times at which video frames were recorded 
are (a) 0, (b) 101, (c) 418, (d) 549, (e) 550, (f) 551, (g) 561, (h) 584, and (i) 727 s. Traces of crystallographic 
planes are indicated in frame (a). Analysis of such data shows that surface diffusion of A1 is responsible 
for motion and shape changes, while the Xe deforms by shear in response to the reshaping of its cavity. 
Since the total volume, not the surface area, was conserved during coalescence, cavity pressure 
depends on the gas structure and not just the interface structure. (Reprinted with permission from 
Birtcher et al., © 1999 by the American Physical Society.) (B) Mean square displacement of a Xe pre¬ 
cipitate containing approximately 38 Xe atoms (in a volume equivalent to that of approximately 128 
Al atoms), as a function of damage in the Al matrix under 1 MeV electron irradiation. The precipitate 
moves because of Al jumps on its surface, and these data yield values for the diffusivity and an average 
jump frequency of about 5600 jumps/dpa. (Reprinted with permission from Allen et al., © 1999. 
American Institute of Physics.) 
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1999; Allen et al., 1999; Ono et al., 2002) or in situ (Song et al., 2002), so 
that the coalescence of defects to form the precipitates can be studied 
as a function of dose. Striking dynamic changes occur in these precipi¬ 
tates under IMeV electron irradiation (Birtcher et al., 1999; Allen et al., 
1999) or on heating (Ono et al., 2002): migration, shape changes, fault¬ 
ing, melting, crystallization, and coalescence. The shape, nature, and 
motion of the enclosed phase provide information on interface ener¬ 
gies, structure, and diffusion pathways (Donnelly et al., 2002; Allen et 
al., 2003; Figure 6-40B). 

We conclude with a related but lower voltage ion irradiation project: 
the integration of a 20 kV focused ion beam into a TEM (M. Tanaka et 
al., 1998; Gnauck et al., 1998). This tandem microscope allows the 
damage produced by the FIB to be observed directly, which is useful 
for understanding artifacts and low voltage damage effects. It also 
allows sample thinning to be carried out in situ so that the area imaged 
has not been exposed to the air. Studies of focused ion beam damage 
are increasingly important since the FIB is used for materials process¬ 
ing, surface patterning, growth, and fabrication of nanostructures. 


9 Outlook 

In this chapter we have attempted to show some of the outstanding 
recent results achieved using in situ microscopy and to illustrate the 
huge variety of experiments possible. In spite of experimental complex¬ 
ity, many successful and informative experiments have mimicked the 
real world inside the microscope column. 

It has become clear that there is no one "in situ microscope." Interest¬ 
ing experiments can be done in conventional machines, using standard 
holders, just by heating the sample with the electron beam. More 
complex experiments can be carried out by purchasing commercial in 
situ holders (heating, cooling, straining) or by developing customized 
ones (nanoindenters, electrical biasing holders, window cells). Many 
experiments also require the ability to measure some property of the 
sample, such as resistivity, simultaneously with imaging its structure. 
The most complex in situ experiments take place in expensive micro¬ 
scopes which are modified to achieve a controlled specimen environ¬ 
ment or are designed for UHV. 

This is an exciting time for in situ microscopy. Specimen design is 
developing rapidly with innovative use of FIB preparation or integra¬ 
tion of thin film specimens into micromachined substrates. Further¬ 
more, as we have emphasized throughout this chapter, the increased 
interest in nanostructures fits perfectly with the ability of TEM to 
analyze small volumes of material with minimal sample preparation. 
Apart from thin foil effects and beam-induced artifacts, the main limi¬ 
tation of in situ microscopy has been the small space available in the 
polepiece. In the future this problem too will be solved by the ongoing 
developments in aberration correction. Corrected microscopes have an 
increased polepiece gap for the same resolution. The extra space will 
help experiments requiring combined stimuli (heating and irradiation. 
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straining in a gas environment, simultaneous E and B fields) or new 
stimuli (lasers, micromanipulators, microfluidics). An increased pole- 
piece gap will also improve calibration of the sample environment. It 
is hard to overemphasize the importance of this for quantitative results. 
For example, one could include a fiber optic coupled to a radiation 
thermometer (Isshiki et al., 1998), a thickness monitor for growth 
experiments, a pressure gauge, or MEMS-based sensors. Aberration 
correction would also allow low voltage microscopes to achieve a reso¬ 
lution comparable with today's high voltage microscopes. This will 
reduce beam damage, although sample thickness, or more generally 
sample design, will remain a constraint to decreasing the voltage. 

However, there are many areas where in situ techniques could be 
extended even without aberration correction. Relatively few in situ 
experiments have used analytical techniques, such as energy filtered 
imaging or EELS, to examine time-resolved chemical changes. This is 
probably because rapid acquisition limits the signal to noise ratio. Thus, 
the ongoing improvements in detectors are promising for in situ ana¬ 
lytical studies. Similarly, convergent beam electron diffraction has not 
been widely used in situ , but could give useful information on changes 
in local strain. And other advanced TEM techniques such as tomogra¬ 
phy, holography, or imaging of amorphous materials could also be 
used in situ, providing the phenomenon of interest is slow enough to 
make image acquisition feasible. High speed imaging, discussed else¬ 
where in this book, will of course open a new set of phenomena for 
study. And in terms of data collection and analysis, direct storage of 
images and videos on disc is improving the searchability of data, 
although most data collection still leaves something to be desired in 
terms of usability. Intelligent analysis of video data, such as object 
detection and tracking, is currently a limitation, as custom software 
often has to be developed for each experiment. 

A final comment arises from the complexity of controlled environ¬ 
ment in situ microscopes, which has increased since the development 
of the first such TEM by Poppa (1965). Although some processes, such 
as sample heating, must take place in the polepiece, it is an advantage 
to keep others out of the polepiece though still in the same vacuum 
system. Examples include ion guns or deposition tools such as evapora¬ 
tors. Moving some capabilities ex situ, but within the same vacuum 
system, improves the reliability of complex microscope systems and 
provides a more flexible approach to experiments, especially in a multi¬ 
user environment where time is a constraint. 

The field of in situ transmission electron microscopy has advanced 
tremendously since its beginning in the 1960s. We anticipate even more 
exciting results over the next few decades. 
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